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I.  FINAL REPORT SUMMARY 

The projects carried out under this contract are summarized below. 

The publications describing these results In detail are given In Section II 

of this report. All references In this section are to publications 

In Section II or, In the case of as yet unpublished results, to papers 

presented at various conferences. 

A.  Generation and Interpretation of Molecular Continuum Radiation 
(Project Leader - Dr. A. C. Gallagher) 

The objective of this project was to extend previous measurements and 

analyses of the continuum radiation emitted by metal atom-rare gas exclmers 

to the highest rare gas densities of proposed lasers and to extend the 

measurements to a metal vapor, Mg, characteristic of column II of the 

periodic table. 

1-4 
Measurements at very high rare gas densities   demonstrated the 

importance of trlmer molecules, such as NaXe and led to the development 

of a successful model for predicting the fluorescent intensity and the 

stimulated emission coefficients for the continuum radiation emitted by 

these molecules. This model makes possible extrapolation of the data 

obtained for various metal atom-rare gas atom systems at relatively 

low rare gas densities to the higher gas densities of potential lasers. 

In the course of measurements at very high rare gas densities 

it was necessary to measure and Interpret the spectral distribution 

2 
of intensity near the cores of the resonance lines of thallium and 

3 4 
sodium. *  This data provides a means of normalizing the continuum data 

to the gas density and the resonance line transition probability. 
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The continuum spectra of the MgXe molecule was measured in order to 

characterize the spectra of molecules formed when rare gas atoms collide 

with excited atoms of the light elements of Column II of the periodic table. 

The moderate stimulated emission coefficient for M^e and the higher excitation 

potential of the Mg atom mean that a higher excitation temperature is required 

for laser gain for Mg-Xe than for Na-Xe.  The trends among the possible metal 

vapor-rare gas molecular excimers and the excitation conditions required 

for efficient laser operation were summarized in a review paper on metal vapor 

excimers. 

On the basis of the measurements and analyses of metal vapor excimer 

spectra completed under this project, it was concluded that the NaXe 

system offered many advantages for further investigation as the working 

medium for an efficient, high power laser. Among these advantages were 

the requirement of a relatively low excitation temperature of about 0.6 eV 

2 
for the Na(3 P) resonance state in order to obtain population inversion 

in the high gain portion of the A-X band of NaXe, a relatively high vapor 

pressure at workable temperatures, and the availability of a relatively 

large body of collision cross section and rate coefficient data for electrons, 

excited atoms and ions in the Na-Xe mixture.  It was also concluded that 

electric discharge excitation of the Na-Xe molecules offered the possibility 

of an efficient, high power laser system. 

B.  Metal Vapor-Rare Gas Discharges 
(Project Leader - Dr. A. C. Gallagher) 

On the basis of our measurements and analyses of the continuum spectra 

of metal vapor-rare gas molecules, see Section IA, attempts were made to 

operate electrical discharges in metal vapor-rare gas mixtures with the 
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characterlstlcs needed for efficient, high power lasers. The Na-Xe 

system was chosen for the Initial studies because of the relatively low 

excitation and gas temperatures required and because of the possibilities 

for extensive modeling of these discharges. The experimental results 

for the Na-Xe discharges showed the existence of a stable, pulsed discharge 

mode lasting several microseconds at the desired Na densities of 

10 -10  cm  and Xe densities of 19 -10  cm  at Input powers of 

2 
10-100 Mw/llter. However, the excitation temperatures for the Na(3 P) state 

and the presumed electron temperatures were only about 0.4 eV compared to 

the value of about 0.6 eV needed for successful laser operation. These 

experiments showed that the higher excited states of the Na atoms and the 

Na ions were populated at concentrations near those expected for local 

thermodynamlc equilibrium. 

Similar experiments were carried out with the MgXe mixtures.   in addition 

to providing the data on the MgXe excimer continuum referred to in Section IA, 

these experiments showed that one can obtain stable, pulsed discharges in 

Mg-Xe mixtures at Mg and Xe densities and electrical input powers of laser 

Interest. However, as in the case of Na-Xe discharges, the excitation 

and electron temperatures were too low to yield optical gain at wavelengths 

of laser Interest. 

An extensive model of electrical discharges in Na-Xe mixtures was 

o 
developed for use in understanding and extrapolating our experimental 

data.  The model Includes sixteen excited states of Na, three Ions (Na , 

NaXe and Na ), and the excimer levels of NaXe and Na . The degree 

of lonizatlon is determined by a balance between collisional multlstep 
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excitation and lonlzatlon of excited Na and dissociative recombination 

of electrons with Na„ . The relative excited state densities predicted 

by this model can be brought Into agreement with our experiments 

by choosing an unexpectedly high state of Na as the product of the 

dissociative recombination of electrons and Na  .  We were unable to 

obtain satisfactory agreement between the calculated and measured electrical 

energy Inputs for given densities of Na, Xe and electrons. The model suggests 

that successful NaXe excimer laser operation might be obtained by using 

sufficiently high Na and Xe densities and a short (< 100 ns), high current 

density electric discharge. 

C.  Stability of Discharges in Weakly Ionized Gases 
(Project Leader - A. V. Phelps) 

The objective of this project was to extend our previous calculations 

of the growth of radial constrictions in a weakly ionized gas discharge 

to Include calculations of effect of axial Inhomogeneitles. When the 

three-dimensional solutions proved too difficult because of the large 

computer resources required to solve the cathode fall region of the discharge, 

we decided to concentrate on obtaining solutions for the one-dimensional 

cathode region to be used in future three-dimensional models. The geometry 

9 
chosen for these calculations corresponded to that of an electron beam 

initiated, electric discharge laser. The model shows that after a period 

of reduced electric field near the peak of the initial lonlzatlon, 

the field at the cathode increases as the electrons are swept toward the 

anode. This increased field causes an lonlzatlon wave to move toward the 

cathode to form the cathode flow. The field and charge distributions in 
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the cathode region are essentially Independent of the gap length. 

A potentially serious problem with this model occurs as the electric 

fields near the cathode Increase toward their large, steady-state values. 

It Is our use of Ionisation rate coefficients depending only on the local 

electric field strength. This problem Is currently being Investigated 

under another contract In connection with calculation of Ionisation 

coefficients at high electric fields. 

D.  Electron Excitation of Molecular and Atomic Metastables 
(Project Leader - A. V. Phelps) 

The overall objective of this project was the measurement and analyses 

of excitation coefficients for the production of metastable states of 

0-, N. and Ne so as to provide data required for the prediction of rates 

of excited state and electron-ion production in gas discharge devices 

and systems utilizing these gases, e.g., the discharge excited oxygen- 

iodine laser, electron beam propagation in air, and the neon-halogen laser. 

This project utilizes and extends the very significant improvements 

in the electron drift tube technique which have recently been made in 

this laboratory. 

The measurements and analyses of coefficients for the electron excita- 

tion of the 0 (b Z) state  were undertaken in order to provide data on 

the excitation of this molecule under conditions appropriate to electrical 

discharges. The O-Cb £) state was chosen for this initial investigation 

of 0 because it emits in the photomultiplier wavelength region (762 nm) 

and Its radiative lifetime (13 sec) is not too long compared to lifetimes 

against collisional quenching (^30 msec).  The measured lifetimes against 



quenching were much longer than the accepted values and so were verified 

by an auxllllary experiment  utilizing laser excitation of 0.. The 

measured excitation coefficients are in reasonable agreement with 

predicted values at low mean electron energies (<0.8 eV) but are as much 

as a factor of three above predictions at moderate mean electron energies 

(^3 eV). Attempts to determine the excited states and deexcltatlon 

processes Involved in this apparent cascading from higher excited states 

of 0 are continuing under another contract. 

The measurements and analyses of collisional deexcltatlon rate coeffi- 

12 13 3 + 
cients  and electron excitation coefficients  for the N.(A E ) metastable 

2        u 

state and excitation coefficients for  the N„(C TT  )  radiating state 
2        u 

were made in order  to provide data necessary for the modeling of electric 

discharge systems containing N_,  e.g.,  the well known N. uv laser utilizing 

3 
the C IT state and  proposed lasers utilizing energy transfer from the 

3 3 N?(A I)  state.    Analysis of the excitation coefficient data for the N.CA Z) 

state shows that under steady-state or electron-beam-sustained electric 

discharge conditions  the excitation coefficients  for this state are 

virtually independent of the cross section for direct electron excitation 
3 

of the N-CA Z)  state and are determined by the very large cross sections 

for excitation of  the vibrational levels of N„.     The analyses of the 
3 

N-(C TT) state data show that it is Important to take into account the 

details of the excitation cross section near threshold. Finally, we find 

that using conventional solutions of the Boltzmann equation and a given 

set of collision cross sections for electrons in N2 we obtain poor 

agreement (^30%) between calculated values of the electron excitation 
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3 
coefficients for Che N,.(A Z)  state and the electron transport coefficients. 

As yet Incomplete work under another contract suggests that this discrepancy 

is the result of the failure of the conventional techniques for solution 

of the Boltzmann equation when the inelastic cross sections are large. 

The measurements of electron excitation coefficients for the lowest 

3 3 metastable and radiating  states of neon,  i.e.,  the Ne( P  )  and Ne( P ) 

states, were made in order to provide data necessary for the understanding 

and design of electric discharge excited lasers utilizing mixtures of neon 

with gases such as xenon and chlorine.    The more conventional electron beam 

techniques had been able to provide only the sum of the excitacion cross 

sections for the lower metastable and radiating states.    Because of 
3 

the very long radiative lifetimes for Ne( P.) atoms the observation of 

emiss.or. is not possible and we have developed a very  sensitive multlpath, 

laser absorption technique for measuring the density of excited neon atoms. 

An initial analysis of the resultant excitation coefficient data      shows 

that about  25% of the calculated total excitation appears as excitation 

3 3 of the Ne( P )  state.     Similarly for the Ne( P )  state.    Analyses of the 

experimental data and the preparation of a publication of these reuslts 

are continuing. 

E.    Scattering, Transport  and Excitation Transfer of Resonance Excitation 
in Gases 
(Project Leaders - A.  V.  Phelps and A.  C.  Gallagher) 

The experiments carried out under this project were designed to provide 

data essential to the understanding and prediction of  the role of atoms 

excited to  the resonance  state in electrical discharges and in systems 

where optical excitation of atoms is used.    Such data  is necessary,  for 

example,  in analyses of  the pulsed discharges in Na-Xe mixtures discussed 

in Section IB of this report. 
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The Initial phase of this project was the completion of measurements 

and analyses of the transport of resonance excitation under white light 

excitation In pure Na and In Na-N. mixtures.   These results showed that 

when the theory of resonance radiation transport is modified to take 

into account hyperfine structure of the resonance line it is able to predict 

the magnitude and spectral distribution of the fluorescence.  Because of 

the broadband excitation used, these experiments are insensitive to the 

occurrence of the non-radiative transport of resonance excitation. 

18 
The second phase of this project was the measurement  of rate 

coefficients for the colllsional transfer of excitation among lower 

excited states of Na and Na .  These experiments yielded rate coefficients 

2 3 for the transfer of excitation from the Na(3 P)  state to the Na_(a 11 ) 
i        a 

and Na.CA 1  ) states and for the destruction of the Na^aTl ) state by 
2   u ^   u 

2 
dissociation to form Na(3 P) atoms and ground state atoms. 

A third phase of this project was the initiation of measurements and 

analyses of the transport of resonance excitation using a single mode laser 

to excite the Na atoms rather than the white light source used in our 

19 
earlier experiments.  These experiments  show that when the laser is 

tuned to the peak of the resonance line absorption profile the excited atoms 

are produced very close to the cell entrance window and are rapidly destroyed 

as a result of a non-radiative or diffusion type transport to the window. 

This type of excited atom loss is expected to be important whenever there 

is a large gradient in the excited atom density and to significantly reduce 

the efficiency of optical pumping experiments when the source is tuned to 

the center of the resonance line. 
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Noble-gas broadening of the 6 2P,/r7 2S,/2 (377.6 nm) 6 2P3/2-7 %/! (535 nm) thallium lines* 

B. Cheron,' R. Scheps.! and A. Gallagher1 

Joint Institute for l.ahoratory Astrophysics, National Bureau nj Standards and University of Colorado. Boulder, Colorado SOiOV 
(Received 7 September 1976) 

The shapes of the thallium (Tl) 535- and 377.6-iim resonance lines broadened by 500-1500 Torr of noble 
gases   have  been  measured at  743  K.  The  repoiltd  normalized  emission   intensities   yield  absorption 
coetftcients in absolute units for all portions of the line. The shift and broadening of the Lorentzian-shaped 
line cores, the wavelengths of the transition to non-Lorent/ian wings, wing shapes, and satellite positions, 
shapes, and intensities are reported. As an example, a pair of excited and ground-state interaction potentials 
are given for the Xe case to explain the shift, width, and intensities in all portions of the line wings. 

I   INTRODUCTION 

The lowest thallium (Tl) atomic levels are rep- 
resented on Fig. 1.  The ground state 8*^, be- 
longs to the 6s2ß/> configuration.  The other com- 
ponent of the doublet (ß2/^) lies 7800 cm'1 above 
the ground stale and is metastable.  In our experi- 
ment Tl atoms are optically excited from the 
ground state to the Ös*?« (7 2S1/2) state in the pres- 
ence of noble gases and the shapes of the two sub- 
sequent fluorescence lines at 377.6 and 5S5 nm 
are studied (hereafter called the uv line and the 
green line, respectively).  The purpose of this 
work is (1) to measure the shift and broadening 
coefficents of these two lines d'te to collisions 
with noble gases (the impact theory predicts for 
isolated lines a Lorentzian core of the line with 
a shift and width that are proportional to the den- 
sity of perturbers), (2) to determine the approxi- 
mate wavelength of transition between Lorentzian 
and non-Lorentzian broadening, and (3) to mea- 
sure the line-wing intensities in the non-Lorent- 
zian region, including the positions and intensities 
of the satellites.  The present report emphasizes 
the line core and the spectral regions | AX | < 10 nm 
for each line, where AX = A - X,, and X,, is the un- 
perturbed wavelength of the line. In the region 
| AX | ^10 nm the spectrum is highly temperature 
dependent due to population factors, and as a con- 
sequence it can be analyzed using the quasistatic 
theory to yield the intera'.omic potentials.  This is 
rather involved and has been reported in another 
paper.1 

II. EXPERIMENT AND RtSULTS 

The reported measurements and analysis are 
very similar to previously reported measurements 
of the Rb and Li resonance lines broadened by 
noble gases,2,3 so we give only a brief description 
here. 

A cell containing 10^ to 10"s Torr of natural Tl 
(29,5% 2<"T1 and 70.5% 205T1) and up to 1500 Torr 

of noble gas is illuminated by light from a Tl res- 
onance lamp filtered by an interference filter cen- 
tered at 377.6 nm.  The fluorescence intensity was 
measured with a 0.75-meter double monochromator 
equipped with two 2400-grooves/mm holographic 
gratings, and a cooled GaAs photomultiplier. 

As described in Ref. 2 the line shape was ob- 
tained by combining scans of different slit width 
and resolution.  This yields line-wing intensities 
unaffected by instrumental resolution but line- 
center shapes, typically |AX| <0.04 nm, that are 
distorted by the instrumental resolution.  Mea- 
-surements were generally made at pressures 
wliere the broadened linewidth exceeded the in- 
strumental width, and both greatly exceeded the 
Doppler width. Then the actual broadening could 
be accurately determined from comparisons of 
the measured line-center profiles with theoretical 
convolutions of Lorentzian lines with the Instru- 
ment function.  This is described in moio detail 
below. 

377 

FIG. 1.   Lowest three atomic levels of thallium. 

15 
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The instrument function was determined with an 
air-cooled low-pressure isotopic mercury lamp 
(l9*Hg) using the 365 and 546-nm lines.  The re- 
solution was -0.005 nm at 546 nm and -0.006 run 
at 365 mu for the 12-Mnm spectrometer slit open- 
ing used to obtain the line-center data (|AA|   0.05 
nm).  For the line-center data the output slit posi- 
tion was scanned mechanically to avoid grating- 
drive irregularities.  The accuracy in this scan- 
ning was limited by a periodic nonlinearity, with 
a deviation from linearity of about 4%.   The re- 
sulting ~4% uncertainty in apparent linewidth made 
a small contribution to the typical -10% total un- 
certainty in the broadening.   For | AX | greater 
than about 0.05 nm, conventional grating driving 
was used, which did not cause irregularities on 
the lower resolution scale of the line-wing data. 

The fluorescence intensities are reported as 
normalized emission coefficients I(k)/N!I{k)dk 
for each line, where l(jk) is the fluorescence in- 
tensity per wave number, A? = lA, ^„ = 1/^, bk 
= k' - k0, N is the noble gas density and the integral 
is over one line from k0 -W to k0 + W, where 
W= 50 cm"1.   For the pressures in our experiment 
this emission coefficient is independent of the Tl 
and noble-gas densities for wavelengths outside 
the Lorentzian-core region (indicating that binary 
interactions with the perturber rather than three- 
body collisions are dominant).  This emission co- 
efficient is related to the absorption coefficient 
by simple thermodynamic factors equivalent to 
the Einstein .A-ß relations.3 

Since radiative trapping attenuates the center of 
a line, thereby yielding erroneous normalized 
wing intensities [due to inaccuracy of ! I(k)dk], 
it is necessary to measure these emission 
coefficients from optically thin Tl vapor, or in 
the limit of zero Tl density. This Tl experiment 
is particularly simple in this regard as the 62iJ/2 

metastable state is very slightly populated ther- 
mally and the 1*Si/t-t

tPtfi (green) line should not 
be radiatively trapped since, as explained later, 
the 62P3/2 state is not optically pumped.  Thus the 
green line shape can be measured at relatively 
high Tl densities (-lO-5 Torr), providing larger 
signals.   Furthermore, if the ratio R of the uv to 
green-line total intensities is measured once in 
the absence of radiation trapping {R = R0), this can 
be used to correctly normalize uv line-wing data 
taken i   the presence of radiation trapping in the 
center of the uv line.  In the present experiments 
the light intensity was low enough and the 6P3/l 

state quenching rate due to molecular impurities 
(probably -10'' Torr in lO^Torr noble gas) high 
enough, so that insignificant optical pumping of 
the 62P3/2 state occurred.  This was confirmed 
by the fact that the ratio R was not affected by 

lowering the intensity of the excitation lamp. Then 
R was measured in the limit of zero Tl density to 
obtain Ä0, and all the line-wing data were normal- 
ized to the green line.   During the line-shape mea- 
surements R was typically 10% lower than Ä0.  The 
shape of the uv line core was measured at relative- 
ly lower Tl densities (estimated -10"* Torr), where 
typically ~3% attenuation of the line peak occurred. 
Tins causes a few percent apparent broadening, 
but was deemed too small to warrant a correction. 

The emission coefficients for perturber pres- 
sures between 500 and 1500 Torr are given in 
Fig. 2 for the uv line and in Fig. 3 for the green 
line.  These spectra represent the actual fluores- 
cence intensity distribution, essentially unaffected 
by instrument resolution, for |AA| >0.05 nm.  The 
solid lines in Figs. 4 and 5 represent the measured 
emission coefficients in the line-core region for 
the uv and the green lines, respectively, for vari- 
ous pressures.  These spectra are influenced by 
the instrumental resolution. The experimental 
results are compared to theoretical convolutions 
of the instrument function with the Lorentzian- 
broadened components corresponding to the thai- 
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FIG. 2.   Normalized emission Intensities of the 
Tl 377.G-nm line broadened by the noble gases at the 
cell temperature of 743 K. 
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FIG. 3.  Same as Fig. 2 for the Tl 535-nm line. 

lium hyperfine structure.4  As the isotope shift 
is minor, only hyperfine components, shown in 
Figs. 4 and 5, were used. The Doppler contribu- 
tion to the line shape is very minor and is partly 
included in the instrument function.  The same 
Lorentzian parameters y and A in /o [(Ir)2 

+ (Ak- A)2]"' are used for each component. The 
relative intensity of the different components 
would be statistical for white-light excitation or 
complete collisional mixing, but the lamp spec- 
trum is less at the weaker (smaller F) componenls 
and the V'S, /2 state is not easily depolarized by 
noble-gas collisions.   Thus the hyperfine compo- 
nent intensities arising from the smaller 12S state 
F components had to be decreased about 20% from 
statistical to fit the experimental spectra. The 
convolutions are calculated with A = 0 and then 
shifted to yield optimum visual fits in the line- 
core region.  The y parameters are chosen to 
optimize the fits in the line-core region where 
the lines appear to be nearly Lorentzian. The 
comparisons are shown in Figs. 4 and 5. It can 
be seen that except for He (uv and green lines) 
and Ne (uv line), a good fit to the Lorentzian con- 
volution is obtained in the line-core region.   The 
misfit for the He and Ne cases is not severe, and 

FIG. 1.   Measured normalized emission intensities 
(full lines) in the central region of the Tl 377.6-nm line. 
For He, Ne, and Ar, the upper line is for 500-Torr 
ivrturber pressure, the middle for 1000 Torr and the 
lower for 1500 Terr.  For Kr and Xe the upper line is 
for 750 Torr and the lower for 1500 Torr.   The hyper- 
fine structure and the instrument profile (-O^-cm"1 

ivsolution) are indicated at the bottom of the figure. 
Tlieoretlcal convolutions of the instrument function with 
l.nrentzlan-shapcd line components are given as various- 
ly shaped +, A, and r points.  The shift and Lorentz 
width parameters used In these convolutions are given 
In Figs. 6 and 7. 
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FIG. 5.  Same UJ Fig. 4 for the Tl 535-nm line except 
that for each pcrturber case the upper line is for 500 
Torr, the middle for 1000 Torr and the lower for 1500 
Torr. 

DENSITY (iO'Vcm5) 

FIG. 6.  Shifts A (dashed lines) and full Lorentz widths 
y («olid lines) of the 377.6-nm line obtained from Fig. 4. 

is aflributed primarily to instrumental effects. 
The shift (A) and full width (y) of the torentzian 

portion of the lines are plotted versus density of 
perturber in Fig. 6 for the uv line and Fig. 7 for 
the green line.   The slopes of the fitted lines in 
Figs. 6 and 7 are reported as shift and broaden- 
ing rates in Table I.   Also included in this table 
is the estimated value of the wavelength of the 
transition between Lorentzian and non-Lorentzian 
broadening from the convolution fitting in Figs. 4 

and 5.  This transition point is the estimated point 
ol departure of the actual wing slope from that 
predicted by the Lorentzian convolution.  In Table 
II, we give the effective power dependence n, in 
/ i |*_ *„ _ A |"", of the wing intensities in these 
non-Lorentzian regions adjacent to the Lorentzian 
core (see Figs. 2 and 3). The fitted wavelength 
range is also given.  This is not intended to imply 
actual power-law intensity dependences; rather 
there is a region on each wing where a power law 
gives a good fit across 1-2 decades in intensity. 
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The fit typically determines »/ with about s5% ac- 
curacy.   Finally, we give in Table III the estimated 
position of the centers of the satellites in Figs. 2 
and 3 and compare with other data.   In many cases 
these satellites are so broadened that they are 
mere inflections whose centers are ill defined, 

III.  INTtRATOMIC POTKNTIALS FROM THE DATA 

The far wings of these broadened Tl lines are 
due to close-range Tl-noble-gas interactions. 

They can be analyzed with the use of the quasi- 
static theory to yield information about the inter- 
atomic potentials at internuclear separations R of 
typically 3-4 A   The satellites, attributed to ex- 
uema in the difference potential AV(/J) ■ V*(Ä) 
-V(Ä) in the 4-8-A regions, yield information 
about these portions of the potentials. The inten- 
sities in the wings adjacent to the Lorentzian 
core of the lines yield information on the 8-12-A 
parts of the potentials.   Finally, 'he broadening 
JIK! shift are related to the potentials in the region 
of the Weisskopf radius, typically 12-20 Ä.  C6 

coefficients based on isolated atomic properties 
also yield potentials in these large-Ä regions. 
Thus when absolute intensity information is avail- 
able in all these portions of the line it provides a 
very powerful tool for determining the interatomic 
potentials K*(Ä) and V{R) for the upper and lower 
states of the transition.  The inversion of the data 
io yield these potentials is almost unique in the 
small-/? regions where (K*(Ä) - K*("))/*r2:l, 
since thermal population (Boltzmann) factors 
vield large temperature dependences that depend 
on the potentials'.  The inversion of the data in 
nther portions of the line to yield K*(/?) and V(ft) 
is much less unique.  Nonetheless, we will demon- 
strate that this inversion can sometimes be done 
with surprisingly little ambiguity, and we give 
here an example.  This analysis is much simpler 
if the atomic interactions produce only a single 
K*(Ä) and V(Ä); so we choose the Tl 7,^/i-6

,i»l/l 

(uv) line for the example as it satisfies this crite- 
rion.  [The Tl (62P3/2) state splits into two V(Ä) 
and must be analyzed in terms of superpositions 
of bands.] We will describe the Tl-Xe case ii. 
detail, since the other cases can be generalized 
from this with very minor changes. 

The analysis of the temperature-dependent far- 
wing intensities (AX>15 A in Fig. 2) to yield V*(R) 
and V^/J) in the 3-4-A region have already been 
described in Ref. 1 and will not be repeated here. 
These K*(ß) and V{fCi are shown for the Tl-Xe 
case considered here in Fig. 8. We will now ex- 
lend that analysis to the remaining, larger-fi 
regions.  We will assume a familiarity with the 
quasistatic theory as described in Ref. 1 and 
references cited therein.   For the more polariz- 
able noble-gas cases (Ar, Kr, and Xe) we expect 
l'*(fi) to be more attractive at long range than 
r(Ä), since the excited-state wave function is 
much larger and more polanzable, i.e., C*>Ce 

in V*(R)-v*M = C*R-6 ani V(«)-V(«) 
CgÄ'6.  This is also required to explain the large 

red-wing intensities for these cases (Fig. 2).  Thus 
AV(ft) - AVH must be negative at large R (R>8 k 
in Fig. 8) and approach zero with a positive slope 
as Ä - ". 
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TABLK I.   Shift A and full width y ol the Lorentzian line core.* 
=«====■& 

&/N y/N h-ktut non -Lorentzian b 

Line Pvrturbar (cin-Vr.d.) Um-'/r.dJ transition zone (cm'1) 

377.6 nm lie ♦ o.i3io.o;ic 1.06±0.J + 7 -28 
Ne -0,070 ±0.02 0.44 ±0.05 ... 1 -14 
Ar -0.27 ±0.04 1.01 ±0.06 + 1.0 -1.2 
Kr -0.23i0.05 0.91 ±0.07 + 1.0 -1.0 
Xe -0.27 ±0.05 (i.98 ±0.1 + 0.85 -1.0 

535 nm He + 0.065±0.Ü15 (1.91 ±0.06 + 9 -12 
Ne -0.085 ±0.02 0.40 ±0.04 ... << -7 
Ar -0.27 ±0.02 0.64 ±0.06 + 0.4 -0.7 
Kr -0.25 ±0.02 0.72 ±0.04 + 0.4 -0.7 
Xe                 -0.28 ±0.02 0.72 ±0.02 + 0.4 -0.7 

*The shift and hroadening coefficients arc xiven por r.d. or relative density where 1 r.d. 
- 2.69 x IO" cm"3 is the density of the perfect gas at standard temperature and pressure.  The 
values are given at T - 743 ± 5 K except for 377.6 nm (He, Ne, Ar) and 535 nm (Ar) where 7" 
= 720 ±5 K. 

bDuc to the large hyperfinc structure, the magnitude of the values indicated for Ar, Kr, Xe 
are upper limits. 

cThe uncertainties represent t one standard devi;iUon of statistical and estimated systematic 
effects. 

dThe transition could not be determined due to the small change in wing power dependence 
(see Table III). 

The intense red wing in the AA = 1-10 A portion 
of the Ti-Xe spectrum in Fig. 2 terminates in a 
red "satellite" or shoulder whose outer edge is 
at ~-50 cm'1. Thus AV(Ä) must reach a negative 
extremum of bV"' -50 cm'1 and then reverse slope 
(~6 A in Fig. 8). This red shoulder might also 
have been attributed to merely a flattening ot AK(/i) 
in the 6-A region, followed by an increasingly 
negative bV (R<6 Ä).  However, there is a severe- 
ly broadened shoulder or "satellite" on the Tl-Xe 
blue wing in Fig. 2, which requires that &V{R) 
must have a positive maximum at some R.  From 
the general satellite-shape theory of Sando and 
"Wormhandt" we attribute this to a maximum of 

about +30 cm'1 in AF; a {A£| slightly past the 
shoulder where the intensity is beginning to drop 
more rapidly. The only R region where this posi- 
tive AV'(Ä) can occur at is between the large R 
and small R regions of negative bV{R). This oc- 
curs very naturally at ~4.5 Ä in Fig. 8 by a smooth 
extension of äV{H) at small R and attributing the 
rod satellite to an actual minimum, not an inflec- 
tion, at ~6 Ä.  Thus, while this result is non- 
unique, we believe that no other reasonable form 
for &V(R) could explain the data; it must be nega- 
tive at small and large R with a positive extremum 
in between, as given in Fig. 8. 

The R scale in Fig. 8 has been determined using 

TABLE 11.   Wing power dependence U~ |*-*o-A|""). 

IMue win- Red wing 

Line Perturber n Range (cm*1) n Range (cm'1) 

377.6 nm He 2.1 2.5-7 2.0 0-30 
Ne 2.3 2-5.5 2.0 0-15 
Ar 3.8 2.5-4.6 1.4 3-10 

B Kr 3.2 2.5-5 1.3 3.5-9 
n Xe 3.2 2.H-5 1.3 3.5-15 

535 nm lie 2.0 0-7 2.0 0-12 
Ne 2.2 1-5 2.0 0-7 
Ar 2.7 1.2.7 1.5 1-10 
Kr 2.7 1.^-5 1.6 1-3.5 
Xe 2.8 1-5 1.7 1.5-7 

, 
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Line 

TABLE III.  SaU-llit.  positions. 

Perturber 
Present (T- 743 K) 

M (nr.) A* (cm"1) 
Other experiments 

A* (cm-1) T (K> 

377.6 nm lie -4.4±0..t 309 + 21 314*14l, 973 
Ne -2.0±0.l 140±14 144*10b 97') 
Ar + 0.2 ±0.05» 

-13*1 
-14±3.5 

91±7 
82*7* 8^3 

Kr + 0.37*0.03 -26 ±2 -24.6*2.0* 79» 
-0.55 id.05 38.5±3.S 35.1*7* 1393 

Xe + 0.68 ±(1.03 
-O^iO.l1 

-48+2 
35 ±7 -41.5*35* 79h 

535 nm He -5.0 ±0.3* 175*11 vze1 

-14.5±0.i 507*7 
Ne -1.5±0.:t* 52 ±11 

-6.0 ±0..'. 210+ 18 249 ^ 
Ar + 0.371(1.05* 

-1.7*0.2 
-13±2 

59.5 ±7 
-4.5 ±0.2 157*7 173c 

Kr + 0.6*C.la 

-1.0 + 0.1* 
-2.4 ±0.2 

-21*3.5 
35*3.5 
84 ±7 

Xe + 1.0 + 0.1 -35 ±3.5 
-1.5±0.1 52.5*3.5 

'Broad satellit es. 'Uelcience 5 c Reference 6. 

FIG. S.  Tl-Xe interatomic potentials associated with 
the 377.()-nm line.  The B zS1/2 slate connects to the 
TI (7 2.S1/2) state and the Xj to the Tl (6 2P1/2) state at 
large R .   (See lief. 1 for the explanation of the nomen- 
clature for the molecular states.)   The region Ä <4 A 
is from the analysis of Ref. 1, C? =2800 and 

the measured normalized intensities and the as- 
sumption of a transition moment independent of 
R in the quasistatic theory, as explained in Ref. 1 
for the far wing data.   Thus, for example, the dif- 
ferential volume J^iirffdR in which äV(R) ex- 
ceeds + 15 cm"1 in Fig. 8 (~4.3-4.6 A) must equal 
the area Ii^IN(k)(ik under the measured spectrum 
of Fig. 2 from fe, = +1 ü to fe2 = + 40 cm"1, which is 
due to the blue satellite.   (Note that jdk of the 
normalized intensity in the cm4 units of Fig. 2 has 
units of cm3.)  As another example, the differen- 
tial volume from 5.0-10.0 A in Fig. 8, where 
Ar(/0 < -20 cm"1,  agrees with the integrated inten- 
sity from -20 to -70 cm"1 in Fig. 2. By thus using 
a large - A* region about the satellite the exact de- 
tail s of the satellite shape are not necessary to 
obtain the R scale.  The severely smeared-out 
form of the blue satellite may be understood as 
due to the breakdown of the quasistatic approxi- 
mation once the H scale is obtained in Fig. 8, be- 
cause the positive AK{Ä) region is seen to be very 
narrow and will be traversed rapidly using a col- 
lision orbit or bound molecular vibration. 

The shift and width of the line core are deter- 
mined predominantly by AV{R) in the region of 
the Weisskopf radius Rw, given by the impact 
parameter where the phase shift jdl £iV[R(t)]/H = 1. 
For a AV^CIR-*, Rw = (3nCl/6H{v))i,i = ld Ä in the 
present case.  The effective C^CJ-Cj obtained 
from equating the measured broadening rate to 

i 
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that9 for AV = C",|K"i is much lar^tr than C6; so it 
c-an be used to establish a C*.   This C'^/i*" long- 
range form for V*(Ii) is shown in Fig. 8, where 
it can be seen to blend at large H witli the V*(R) 
obtained from the above analysis of the win^ in- 
tensities.  The approximately A/:'1'3 behavior at 
4-15 cm'1 on the Tl-Xe red wing (Table II) is 
consistent with a slightly more gradual change in 
V*(H) as compared to C*/«6 for K-'IO A,  as im- 
plied by the less attractive V*(H) shown for 
II   10 A.   The red-shift to width ratio10 for a 
AV(«)   ('„«■''is |A/r|=0.36forn=6,  increasing 
to 0.85 for ii - 4. We observe ratios of 0.5-0.7 for 
the Ar, Kr, and Xe perturber cases, which also 
implies more gradual decreases in V*(H) at large 
Ii compared to CJfl"* interaction. 

Once ±V{H) Is established,  it is still desirable 
to obtain V*(,H) and V(R),   As noted above, the 
analysis of the temperature-dependent extreme 
wings in Ref. 1 fixed V*(R) and V{.R) for « = 2.8-0.4 
A in Fig. 8.  The C6 coefficient for the ground state 
can be estimated fairly reliably, as discussed in 
the next section, and this yields the R>b A por- 
tion of V(R} in Fig. 8.   The V(R) shown has simply 
been connected smoothly between 4.0 and 5 A. 
Adding this V(R) to AV(R) then yields the V*(R) 
in Fig. 8.  AiR>S A, AV~ V* and the data yield 
V* directly.  It is satisfying that the V(R) and 
V*(R) which result have typical, simple shapes 
with a single minimum and a single inflection. 
Only the relatively flat, extended portion of V* 
for R>$ A is at all unusual. 

It is apparent from Fig. 2 that the Tl-Kr, Ar, 
Ne uv lines can be similarly analyzed.   For the 
Ar and Kr cases the shape of AV(ß) will be very 
similar to Tl-Xe.  The \Ah\ at the minima and 
maxima of AV(R) will change to accomodate the 
different satellite positions, with the general 
trend that AV(R) attains a larger positive value 
and is positive over a largcr-ft range for lighter 
perturbers.   The Ah and R range associated with 
the red satellites decrease with the lighter per- 
turbers, until for He and Ne the long-range AV(R) 
probably becomes positive.   The only feature in 
Fig. 2 which does not fit this consistent picture is 
the double hump at the Tl-Ar blue satellite, which 
might be due to a double inflection in AV (R~5 A) 
or an interference effect as observed in Ref. 7. 

As noted above, the green line is due to two 
V(R) which connect to the Tl G2!'.^, state.   In 
spite of overlapping of the two AV(R) bands the 
temperature-dependent extreme red wings and 
blue satellites of this line could be analyzed in 
Ref. 1 to yield both of these V(R)   i the 3-5-Ä 
regions, starting with a V*(R) obtained from the 
uv lino analysis.  [Each of the two "satellites" on 
the blue wings In Fig. 3 is attributed to one of the 

\'{R) In the 4-5-Ä region.]  These V(R) connect 
to the two (|JM | = ], ') states arising from 2Pi,2, 
so the known \M | dependence of the dlpole-dlpole 
interaction combined with the near red wing inten- 
sity and satellites allows for fairly good estimates 
for these V{R) at Ä>5 A, at least for the Ar, Kr, 
and Xe cases.   However,  a detailed example of 
this does not appear appropriate at this time. 

IV   DISC USSION OF THE LINE CORE 

The line-center measurements (Figs. 4 and 5) 
show a departure from Lorentzlan shape very near 
the line core for Ar,  Kr, and Xe perturbers.   As 
this occurs almost within the hfs splitting, the 
convolution fitting analysis is somewhat uncertain. 
Despite this fact, the shift and Lorent/ian broad- 
ening coefficients obtained from the line core fit- 
ting in Figs. 4 and 5 are linear with pressure 
(Figs. 6 anc'. 7), and this uncertainty Is considered 
to be Included In the values given in Table I.  The 
red-shift rates are approximately the same for 
the three heavier gases, smaller for Ne, and for 
He we notice a small blue shift for both lines.  The 
broadening rates are similar for He, Ar, Kr, and 
Xe and smaller for Ne.   This is typical behavior 
ior many species, and can be given a similar 
qualitative explanation (e.g., Refs. 2 and 3).  De- 
parture from Lorentzlan shape does not appear 
within the range of our high-resolution scans for 
tlie green line perturbed by He and Ne (Fig. 5), 
which Is consistent with the Lorentzlan power de- 
pendence observed to \Ak\ ^5 cm"1 In the low- 
resolution scans (Fig. 3 and Table II).  But for the 
uv line perturbed by He and Ne the theoretical 
«.onvolutlons do not fit the data In some portions 
of the wings (Fig. 4).   The power-law dependences 
cm these wings, as observed In the lower-resolu- 
tion scans,  are very nearly Lorentzlan to \Ak\ ~6 
cm"1 (Fig. 2 and Table II) as roughly expected due 
to the higher collision velocities and close-range 
impacts for He and Ne.   Thus the discrepancies 
in Fig. 4 are attributed to experimental problems. 
The most likely candidate Is drift in the spectro- 
meter slit width with a resultant drift in the shape 
of the Instrument function.  As the instrument 
function is highly asymmetric for the uv line (Fig. 
4) this would most severely affect the more rapid- 
ly dropping red wings of the He and Nc broadened 
uv line.   As the values of y for the uv line broad- 
ened by He and Ne could be Inferred from the low- 
intensity data out to ~-6 cm"1 as well as from the 
JAfe| <1,5 cm'1 portions of the high-resolution 
data this did not hurt the final accuracy. 

The Impact approximation prsdicts a Lorentzlan 
line core for any form of AV.   It Is interesting to 
compare the wing intensity dependences just out- 
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side this line core with theoretical predictions 
for &V   -CJft"', to see if this is a reasonable ap- 
proximation for the appropriate larger R range. 
Only Ar, Kr, and Xe have sufficient polarizability 
to make this comparison meaningful; so we will 
only consider those cases.  The theory10,11 pre- 
dicts a AA'J,/2 quasistatic profile on the red wing 
[s.g.,  Eq. (8.6) of Ref. 10],  and a Aür^exp 
(-A'AA,5/9) dependence on the blue wing [e.g.,  Eq. 
(8.10) of Ref. 10, where K is a constant related to 
C^ and the average collision velocity].   This blue- 
wing line shape results from averaging over a 
kinetic velocity distribution the single-velocity 
result A/,,'7/'exp(-/f'AA>5/8), as was obtained in 
Refs. 12 and 13.  For noble-gas perturbers, the 
C6 coefficients are prcportional to 

oZ/.^-Ä,)- 

where a is the noble-gas polarizability, andfu 

and E, are the Tl oscillator strengths and ener- 
gies.   Sufficient oscillator strengths are known 
from the 6'Pj state to estimate these CB coeffi- 
cients with about 30% accuracy, but the oscillator 
strengths which determine the dominant C* for the 
'l2Si /2 state are much less certain.   However, 
Ref. 14 provides an approximation for C* based 
on the binding energy of the 7 2Sl li state.   If we 
assume the measured broadening of the Lorentzian 
core of the line is due to a AK= -C\R'*, we can 
also obtain a "measured" C% and thereby a "mea- 
sured" C* from Eq. (4.19) of Ref. 10.  The result- 
ing "measured" CJ for Ar, Kr, and Xe perturbers 
are given in Table IV, where they are compared 
to the values calculated according to Ref. 14.   The 
agreement in magnitude is good.   However, the 
C* obtained from the green and uv line broaden- 
ings for each gas differ considerably, and these 
C* arc not proportional to noble-gas polarizabili- 
ties as they should be.  Using these "measured" 
C£ in the static wing (8.6) and antistatic wing (8.10) 
equations of Ref. 10, the theoretical line wings 
in Fig. 9 are also obtained.  The experimental re- 
sults can be seen to compare moderately well 
with these on each wing until the satellite regions 
are approached.  Since we have fixed C\ to obtain 
ytiwor ' y*t»\ t'ie data converge to the Lorentzian 
lino-core theory in the \bk\    1 cm'1 region not 
shown in Fig. 9.  Most of the discrepancies in 
the wings can be attributed to departure of ±V(R) 
from the C^/T6 form and quasistatic contributions 
to the blue wings from the positive A7(Ä) regions 
at smaUer R (e.g., 4.5 A in Fig. 8).  The magni- 
tude of this departure is reasonable since the 
C;,/?"" energy for Tl 7 2S1/2 + Xe, using Cg from 
Ref. 14, yields about a 10% increase in 
!(r//rfÄ)AK(Ä)| in the ft ~20 A region responsible 

100 

k-k0 -AUnrT1) 

1'IG, 9.   Comparison of theoretical (solid line) and 
niMr-wlng Intensities, for Ar(fi) ■ -C"Ä"f with Cf 
obtained from Lorentzian linewidths, to experimental 
Inlonsitics (points).   The Lorentzian line-core shape, 
convoluted with hfs and instrument function, has been 
exiended to larger |Afcj to show the difference between 
tin theoretical and Lorentzian wings (dashed lines).  The 
eilect of the instrument function and hfs can be seen as 
minor departures of the latter from straight lines in the 
|A/.,|«-2 regions.   The static (red) wing is to the left of 
the figure. 

TAHLE IV.   Tl-noble-gas C6 coefficients. ' 

Tl state Ar Kr Xe 

e'/»,/^ 65 10(1 160 

6^/2
b 105 190 300 

72S1/;,(535)C 1050 1150 1500 

72.S,/2(;l77.6)c 1500 1900 2800 

-2,.       d 7 S|/2 650 970 1560 

'The C, coefficients in V(Ä)- V(") = -C#fi'*, are in 
atomic units (e2«'). 

11C6 coefficients estimated from known oscillator 
Mlengths and sum rules.   The 62P3/2 

case 's lml *ver. 
anod. 

From measured broadening rates. 
'From lief. 14. 

v 
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for the line-core data.  The experimental spectra 
indicate a decrease of comparable magnitude.   It 
is important to note that both the experimental 
and theoretical intensities are in the same absolute 
units; the only adjustable parameter in the com- 
parisons of Fig. 9 is C'e, which has been chosen 
to yield the measured broadening.   Since the theo- 
retical broadening10 is proportional to (CJ)0-4 and 
the red-wing intensity to (( ')0-5, the -10% uncer- 
tainty in broadening translates into -10% uncer- 
tainty in theoretical red-wing intensity.   The dis- 
crepancies exceed this in most cases. 

V. CONCLUSIONS 

We have demonstrated that it is possible to in- 
vert quantitative collisional line-shape data which 
covers the line core to far wings to obtain the 
ground- and excited-state potentials at all R out- 
side the close-range repulsive core.  This is not 
a unique data-inversion process, particularly as 
it requires an assumed R dependence to the tran- 
sition moment, but the results appear to be on 

very firm ground.   Furthermore, these V*{R) and 
V(R) can explain all observed features of the col- 
lisional line shape using the traditional impact 
and quasistatic theories combined with recent 
satellite-shape theories;   i.e., we can explain 
(lie broadening and shift of the line core, the near 
wing intensity dependence, the satellite positions 
and distinctness, and the extreme wing intensities 
and temperature dependences. 

The comparison of the measured near-wing in- 
tensities to the theoretical intensities for AV 

-CJ/J"* shows qualitative but not quantitative 
agreement (Fig. 9).  Also the CJ obtained from 
the broadening rates is not well behaved at the 
3(1% level (Table IV). This disagreement with the 
theory for bV^R'* can be attributed primarily 
to the fact that the actual long-range AV(fl) ap- 
pears to vary somewhat more slowly than R'*. 
Often a quasistatic term also contributes to the 
mar blue wings, as in the Tl-Xe uv line case 
where AV(Ä) is positive in the 4.5-Ä region (Fig. 
H). Thus this is not altogether a definitive test 
of the theory for the near-wing intensities. 
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Quenching of optically pumped 02{bh g) by ground state 
O2 molecules* 

S. A. Lawton, S. E. Novick, H. P. Broida,1 and A. V. Phelps1 

Joint Institute for Laboratory Astrophysics. Univtrsity of Colorado and National Bureau of Standards, 
Boulder. Colorado 80309 
(Received 7 October 1976) 

Measurements of quenching of the b1^', state of Qt by 
ground state oxygen molecules have yielded rate coef- 
ficients which differ widely.1"' Very recent measure- 
ments by Martin, Cohen, and Schatz4 using pulsed laser 
excitation and photoluminescence of the atmospheric A 
band of 02 agree with the lowest of the previously mea- 
sured rate coefficients.   The present experiment con- 
firms their results at near atmospheric O» pressures 
and extends the measurements to much lower Oj pres- 
sures.   In addition, we were able to excite the Oj us- 
ing absorption at the more readily available wavelengths 
of the B band of 02 and to observe the photolumines- 
cence at the well-separated A band of 02.   Attempts to 
produce photoluminescence in Oj using other absorption 
bands were unsuccessful. 

A flashlamp-pumped tunable pulsed dye laser operat- 
ing near the head of the Ot atmospheric B band9 at 668 
nm was used to excite the t; »1 vibrational level of the 
ölZ state.   This level relaxes' to the 1=0 level before 
radiating to the A^'S ground state.   The time dependence 
of the density of hlT, molecules was determined by mon- 
itoring photoluminescence near 762 nm from the (0,0) 
blZ-.V'S transition of O».   The quenching rate con- 
stant was determined from the dependence of the b lZ 
decay constant on Ot density. 

Considerable care was taken to ensure cell cleanli- 

ness and 0, purity.   The cell was constructed from 3.5 
cm diameter stainless steel tubing 37 cm long in the la- 
ser beam direction with 5 cm long side arms for view- 
ing photoluminescence.   Beam stops reduced scattered 
light at the detector.   Baking the cell at 200 0C over- 
night reduced the background pressure below lO^I'a 
(~ 10'a torr).   With the cell closed off, the pressure rise 
was less than 10"4Pfl (~ 10"* torr) in 12 h.  Oxygen with 
a purity of better than 99.99%, held in a liquid nitrogen 
cooled reservoir for at least one hour, was used.   The 
0| pressure was measured with a Bourdon type pres- 
sure tuuge accurate to i 400Pa (~ ±3 torr).   This gauge 
was isolated from the cell with a null-reading diaphram 
manometer. 

The laser line width of 0.3 nm spanned a number of 
rotational transitions.   Laser pulses were 0.3 ßsec 
long with peak power of 3 kW at 200 msec intervals. 
Photoluminescence was observed with a cooled GaAs 
photonmltiplier.   The 762 nm emission was isolated by 
an interference filter centered at 762 nm with a 10 nm 
FWHM and three red-pass glass filters.   When the la- 
ser was tuned to the B band of O,, the integrated 762 
nm signal was comparable to the signal fro    scattered 
laser light and possible glass luminescence.   Pulses 
from the photomultiplier were amplified and counted on 
a multichannel analyzer.   When corrected for back- 
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FIG.  1.    Me.isured decay constants for 0j( EJ) radiation vs 
oxygen density.   The error bars show the rms deviation com- 
puted from the measured decay constants. 

ground signal, the observed counting rates were ob- 
served to decay exponentially for well over a decade. 

Figure 1 shows measured decay constants y as a func- 
tion of oxygen density [Oil at BOOK,   The radiative de- 
cay constant7 of about 0. 08 sec'1 is completely negli- 
gible.   1 iio expected diffusion loss3 is less than 15% of 
the smallest observed decay constant.   A least squares 
fit of the relation y= /fejOjJ gives a measured rate coef- 
ficient k for the colllsional destruction of the ft lr mole- 
cules of (3.8 ± 0.3) x 10'" cm1 mol"' sec'1.   This result 
is in good agreement with the other recent data 1-4 

We were unsuccessful with two additional Oj photo- 

luminescence experiments.   First, an attempt was 
made to excite them's* state of Oz, but no emission 
was observed either directly from the A state or from 
subsequent collisional deactlvation to the ft lZ't state. 
The laser used was a frequency doubled nitrogen-laser- 
pumpod tunable dye laser yielding approximately 10 ß3 
pulses with a line width about 0.02 nm at various wave- 
lengths near 259 nm, i. e., the (8,0) transition of the 
Herzborg I system' of O,.   Similar/y, attempts to ob- 
serve photoluminescence at 762 nm resulting from ab- 
sorption* in the 480 nm dimer band of (Oj), by chopping 
the 47r>. 5 nm output of a 0. 6 W argon ion laser were un- 
successful at Oj densities of 2 x 10" cm"'. 
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Pressure dependence of Na resonance line broadening by Kr and Xe 

W. P. West* and Alan Gallaghe^, 

Jumi Instiluie for Lahvrülory Asti\>physws. Vniversily of Colorado and Sationat Bureau of Standards, Boulder, Colorado H0309 

(Received I October  1977) 

The riuorescent spcilrum of the Na  D line:, pressure broadened by Xe and Kr, has been measured for 
noble-gas densities of 2 x IO"-3 X I02u cm   '; at the lower density, the lines are isolated while, at the 
higher, they arc severely blended   The spectra arc obtained in normaüzed intensity units allowing the 
nonbinary behavior of the line wing intensity to be clearly observed  At the lower density the broadening is 
well charaeleriml by isolated binary  interactions, at  the higher density multiple-perturber interactions 
dominate  Nonlineanlies in the pressure dependence of shifts, widths, and satellite shape are reported. 

I    INTRODUCTION 

The theory of lollisionally broadened atomic line 
shapes in low-pressure f^<sps is relatively well 
developed.   The line shape depends on atomic in- 
teraction energies that are frequently poorly 
known, but methods for calculation of a line shape 
in terms of these interactions are well estab- 
lished.'"'  Primarily, the impact approximation Is 
used to calculate the width and shift of the Lor- 
entzian line core and the quasistatic approximation 
is used for the far wings with certain improve- 
ments2*" in the neighborhood of "satellites, " or 
intensity maxima in the line wings.  The transition 
between "line core" and "far wing" occurs at 
(a) - u>0)Tt a 1, where TC is the characteristic col- 
lision time, u photon frequency, ano w0 the unper- 
turbed atomic frequency. 

The problem of describing line shapes at high 
pressures, with overlapping collisions and multi- 
body interactions, is quite formidable.   The im- 
pact approximation is not applicable in the line 
core and even the simple quasistatic theory re- 
quires a number of additional assumptions of 
questionable validity in order to be applicable in 
the far wings. 

The quantum-mechanical improvements to the 
quasistatic theory in the neighborhood of satel- 
lites2-5'6 (see Ref. 7 for a recent review) are lim- 
ited to nonoverlapping interactions (low pressures). 
One method that is applicable in all parts of the 
line at all densities is the Anderson-Talman-type 
semiclassical theory," which utilizes the Fourier 
transform of the autocorrelation function.   Calcu- 
lations''"'" based on this theory have utilized the 
approximations (i) that multiple-perturber inter- 
actions are uncorrelated and can be represented 
by scalarly additive identical radiator-perturber- 
pair interactions; (ii) that no nonadiabatic mixing 
of (effectively) molecular adiabatic states occurs; 
(iii) that thequantum-mechanical effects associated 
with turning points and quasibound or bound states 

b>- neglected; and (iv) straight-line collision or- 
bits.   Other, related theories'2'11 do not remove 
any of these assumptions, while treatments of 
nonadditive interactions are so far too formal to 
yi< Id quantitative results. 1',''5   The additivity as- 
sumption for different perturbers has been tested 
in line case.'"   In practice, only Refs. 3, 9-11, 
based on the Anderson-Talman-type theory,  have 
calculated a high-pressure spectrum from inter- 
aiiion potentials, and they have utilized further 
approximations due to the severe computational 
difficulties.   All these calculations have assumed 
a single-excited and ground-state binary-interac- 
tion potential, which is rarely valid(aaSI/,-'Pl/I 

transition, where the 2/,
i/2-

2P1/2fine-structure is 
large, is an exception).   Further, Ref. 10 utilized 
an unrealistic square-well potential and Ref. 9 in- 
vestigated only a single interaction potential. 
Kiolkopf3 carefully investigated the computational 
difficulties as well as a number of interatomic po- 
tentials, although he concentrated primarily on 
certain satellite shapes.   This recent work repre- 
sents most of our present understanding of high- 
pressure line shape, yet only a few qualitative 
conclusions of Ref. 3 are applicable to any speci- 
fic transitions other than those studied therein. 
Furthermore, the above assumptions used so far 
in evaluaang the Anderson-Talman theory are of 
questionable validity; in oarticular the single- 
potential approximation is completely inappro- 
priate in the present cr-se. 

The inaccuracies resulting from the assumptions 
utilized in the theories are largely untested since, 
as noted in Ref. 3, available data are not suffi- 
ciently restrictive.   In fact, the theories have suf- 
ficient free potential parameters to readily fit a 
single measured line shape,9 satellite shape,3'10 or 
the pressure-dependence of the line-core shift and 
width.   Clearly, comprehensive data for systems 
with known interaction potentials are needed. 

It is the purpose of this work to provide accurate 
quantitative data for the pressure dependence of 

17 Uli 
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the lino shape in the region of the D lines and a 
nearby red satellite.   Furthermore, we have cho- 
sen a ease for which the binary-pair interactions 
are relatively well known from theory17"19 and ex- 
periment.ao*JI 

At »he lowest pressures studied, the line shape 
is predominantly due to binary interactions,  and 
at the lushest pressures the 0 lines have essen- 
tially disappeared.   The line shape is analyzed to 
obtain the pressure dependence of the ß-line shifts 
and widths, but there are no calculations available 
to which these results can be compared.   The de- 
pendence of the satellite shape on pressure is re- 
ported, but again no calculation is presently avail- 
able for comparison.   We have studied the region 
just beyond the satellite to search for a "second- 
ary" satellite due to NaXe., and made quantitative 
comparisons to theoretical predictions based on 
the additive-potential model. 

For the perturber densities |Xcl of these exper- 
iments, the extreme wing intensities, at frequen- 
cy shifts in excess of 100 cm'1, are predominantly 
due to only one- and two-perturber interactions or 
to NaXe and NaXe. spectra.   There are no satel- 
lites on the extreme red wing and the relatively 
simple, quasistatic, additive-pair interaction 
theory for the NaXe. spectra can be tested there. 
We have made detailed comparisons of the ex- 
treme-wing data to the predictions of this theory 
in a separate publication.-' 

II. EXPERIMENT AND RESULTS 

The fluorescence spectrum of optically excited 
Na(3P) in the presence of Xe and Kr was measured. 
The cell temperature was 450 K and the sodium 
density [Na] was below its equilibrium value.   De- 
tails of the apparatus are given in Ref. 22.   The 
Na vapor was optically thin ([Nal< 10" cm"3) and 
the total emission spectrum without radiation en- 
trapment was measured.   In order to obtain fluo- 
rescence signals without interference from instru 
mental and Rayleigh scattering, the cw dye laser 
(-1 W cnr in 0.01 nm) used to excite the Na(3P) 
was tuned to various wavelengths 0.1-0.5 nm in 
the wings of the broadened resonance lines.   Scat- 
tering at the laser wavelength are ignored and all 
portions of the mission spectrum are obtained by 
measuring the spectrum for different laser wave- 
lengths.   Three-photon scattering21 was not ob- 
served, as expected for our weak laser power 
density.   At the noble-gas densities of the experi- 
ment essentially complete spectral redistribution 
and *Pi/t'~tPi/2 mixing occurs, and the fluores- 
cence spectrum is independent of the exciting 
wavelength. 

The results are reported as/,,«?), the norinal- 

i/rd emission intensities per cm"' interval divid- 
ed by noble-gas density [Xe] or (Kr), 

/*(*): m 
[Xe] JmikJkVflk 

(u 

where Uk) is the measured fluorescence intensity 
per cm"1 interval, in arbitrary units.   At low |Xe] 
most of the integral results from the D lines while 
the line-wing intensity is predominantly due to 
binary Na-Xe interactions and is a constant in 
such a plot.   In the wing of a Lorentzian line with 
bmadened width r r[Xej, lM(k) is constant at all 
[Xcj.   Departures from this behavior are observed 
in the line wings reported below.   The ljia/k)* fac- 
tor in the normalization integral is a relatively 
minoi factor that gives a physical meaning to the 
integral.   As shown in Ref. 22, this integral equals 
'"■'''n^alNafl, where kB is the D-line centroid fre- 
quoncy, ro the spontaneous emission rate, and 
[N;iJ] the total concentration of excited Na(3/)) in 
all bound and free forms. 

In Fig. 1 the line-center data are given for a 
number of Xe densities.   The rms fluctuation in 
individual points is ~2%, while the absolute nor- 
malization is accurate to ~5%.   A number of re- 
dundant data sets were taken in the 587-593 nm 
region to search for any regular intensity undula- 
tions.  Such undulations are known to occur in the 
neighborhood of some satellite structures ior 
low2* or high25 perturber pressures.  One calcu- 
lation has indicated that such undulations might 
occur at high perturber pressures even though 
they do not occur at low pressures.10 A "satellite" 
structure appears in Fig. 1 as a ~591 nm red edge 
to the relatively constant intensity 590-591 nm re- 
gion, however, no intensity undulations uere dis- 
ci-med anywhere in the 587-593 nm wavelength for 
any [Xe].   The upper limit on the fractional change 
in any undulations is set by the experiment at ~1%. 
Another, much weaker satellite occurs on the blue 
wing at ~559 nm (Fig. 2).   The lower intensity of 
this satellite precluded an equivalent search for 
undulatory structure in its wavelength region.   In 
Fin. 2 the entire measured spectrum is plotted on 
a log-log scale to give an overview of the entire 
line wings.   The Afc = -100 to -2500 cm"1 region 
is the Na*Xe A-AT band21;  its red edge at &k 
e -2200 cm"1 is not a satellite, rather it is due to 
the effect of the repulsive inner wall of the A-state 
potential on the perturber distribution.21   The 
pressure dependence of the A* =-300 to -4500 
cm"1 region is the subject of Ref. 22 and is not 
discussed here. 

The red-wing region is shown in Fig. 3 for sev- 
eral krypton densities.  As with xenon, the pres- 
sure dependence of the Ail?< -100 cm'1 region is 
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FIG. 1.   Normalized fluorescence of optically thin Na at 450 K in tne presence of Xe densities of 2.18x lo^cm' 
(solid lino) 5.45x10" cm'3 (long dashes), 1,06x10" tni ":l (short ilashes), 1.83x lO20 cm"3 (dash-dot), and :'.20xl02 

cm*3 (dash-double-dot).  The spectrometer resolution was 0.05 nm.  The lines are drawn through the average of indi- 
vidual data points (not indicated) at 0.02 nm intervals; individual points scatter ~2% rms about the averages. 

covered in Ref. 22.   A severely blended "satellite" 
occurs at AJt = -30 cm'1.   Note that the normal- 
ized intensity between x0 and the satellite de- 
creases with increasing [Kr], as it did for Xe in 
Figs. 1 and 2.  However, at -30 cm"l<-80 cm'1, 
past the satellite, the intensity increases wi^. in- 
creasing [Kr], whereas for Xe (Fig. 2) the nor- 
malized emission coefficient was essentially in- 
dependent of [Xe] in that region of the spectra. 
Again, no undulations in the spectra were apparent 
in the region of the satellite. 

The normalized emission coefficient/Ä(fe) at tne 
lowest density of 2.18 x 1019 cm"3 is given in Fig. 
4, where it is compared to previous absorption 
measurements by McCarten and Farr."  At the 
ID^-IO19 cm'3 perturber densities of Ref. 24, the 
broadening of the two Na(2Pj/2(3/2) lines is small 
enough that the lines can be considered indepen- 
dently.   Their measured Pl/2-line absorption wing 
shape has been converted to a spontaneous 
emission wing shape by multiplying by 

(k/k0)3exp[-hc{k -k0)/kBT], where bB is the Boltz- 
niann constant (e.g., set- Ref. 21).   It has been put 
in absolute units by connecting it at |A*( <1 cm'1, 
where it has a Lorentzian shape, to the Pl/2-line 
Lorentzian line wing.  The Lorentzian wing inten- 
sity for an isolated line of full width y is given in 
/.,(*) units, in terms of v/[Xe], by 

/(*) 
\Xe]Jl{k)(k!/k)*dk 

(A-A0)4(27r)"(y/[Xe]) 
:(ib_fc _,/)» +(y/ZlXeMXe]2 

(2) 

The P3/2 and Pl/2 states will be populated in the 
thermal ratio 2exp(-17 cm'1/kgT) = lM due to Xe 
collisional mixing, and they radiate at the same 
rate.   Thus, as we have normalized our data to 
the emission integrated across both Pl/2 and P,/2 

lines, and at this [Xe] - 2 x 1019 en "' almost all of 
the emission is in the lines (Fig. 1 , the /„(fc) of 
fclq. (2), for the P1/2 line only,  must be multiplied 
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FIG. 2.   Same as Flg. 1, 
except that the spectrom- 
eter resolution decreases 
to ~ 1 nm for | A* | > 300 
cm-1 and data points are at 
wider intervals at the 
larger \&h\. 

by 1/2.89 for the comparison to our data. As 
shown in Fig. 4, the resulting/„(*) calculated us- 
ing the (full width) y/[Xe] of the Pl/l line mea- 
sured by McCartcn and Farr has about the same 
shape as the present measurement but is lower by 
a factor of ~1.6.  A 36% larger value of y[Xe], and 
thus of IN(M), has recently been calculatea by Lwin 
et al.19  As shown in Fig. 4, if the wirig shape re- 
ported in Ref. 24 is normalized to the Lorentzian 
wing according to the procedure described above 
using their calculated y/[Xe], the agreement with 
the present results is much better ^20^,).   Lwin, 
McCarten, and Lewis19 have suggested that the 
y/[Xe] measured by McCarten and Farr8* may be 
in error in the case of xenon and the present data 
support that suggestion.   We are not aware of any 
other measurements of Xe broadening of these Na 
lines. 

The full widths at half maximum (F WHM) of the Xe 
broadened P^ ,(589.6 nm) and Pi/t(5%9.0 nm) lines 
were measured with an instrument resolution 
A = 0.03 nm at the lower [Xe] and 0.05 nm for the 
higher [Xe].   The observed widths (W) of ^0.6 nm 
were corrected by (5-30)% for the instrumental 

contribution using the approximation y = (Wa-A1)0,5. 
The shifts (rf) of the peak positions of these two 
lines were measured relative to a low-pressure 
sodium discharge lamp.  Since the measurement 
of the shifts involves only the determination of the 
poak positions, the uncertainties are deemed to be 
significantly less than the instrumental resolution 
and are ±0.003 nm at the lower [Xe] and tO.Ol nm 
at the higher [Xe].  At low [Xe], y and (* are pro- 
portional to [Xe], so we have plotted y/IXe] and 
<//[Xe] vs [Xe] In Fig. 5 to indicate departures 
from low-pressure behavior.  The low-pressure 
limiting values of rf/[Xc] shown in Fig. 5 have 
been measured by McCarten and Farr,* while both 
the calculated" and measured16 limiting values of 
y/[Xe] are shown. The uncertainty in the widths 
obtained In the present low-resolution measure- 
ments includes uncertainty in the above correction 
for instrumental broadening. 

III. DISCUSSION 

The general pattern of the data In Figs. 1 and 2 
is a broadening and red shift of the D lines with 
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FIG. 3.   Normalized fluorescence of optically thin N« 

at 450 K in the presence of Kr densities of 2.02xl019 

cm"3 (solid line), 5.21x10" cm"3 (long dashes), 1.04 
xlO20 cm-3 (short dashes), Z.lOxlO20 cm'3 (dash-dot), 
and 3.16xlO20cm-3 (dash-double-dot). 

increasing [Xe]. The intensity in the line centers 
decreases relative to that in the wings until they 
merge and the lines disappear.  It is useful to rec- 
ognize that a single isolated Lorentzian line would 
have a normalized intensity /^(k) given by ^q. (2). 
Thus, if y/fXe] were a constant, the width of the 
line would be proportional to [Xe], the normalized 
line peak would decrease as [Xe]"2, and the wings 
would appear constant (the area decreases as 
[Xe]'1 by definition).  Such a constant wing inten- 
sity and >7[Xe] is consistent with a binary (Na-Xe) 
interaction only.  At low [Xe] the normalized wing 
intensities are indeed independent of [Xe], but at 
the high [Xe] of these experiments the normalized 
line-wing intensities generally decrease with in- 
creasing |Xe]. This is caused by the depletion of 
free Na* atoms due to molecular formation and 
the fact that multibody interactions (Na*XeB, 
« =2, 3,...) spread the intensity into other por- 
tions of the spectrum.   In essence, according to 
the Poisson distribution, the probability of one 
and only one Xe in a particular volume AK about 
a Na* is given by AV[Xe] exp{-AV[Xe]).  Here the 

lO"21 

i   lO'22 

« 
X 

lO'«» 

10-" I I I I III -J I I I III 
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AMcm-') 
FIG. 4.  Normalized fluorescence of N« at 450-460 K 

In the presence of Xe.   Present data at (Xe)«2.2xlo" 
cm"3 (solid line).   Data of McCarten and FarrM normal- 
ized to their measured broadening coefficient y/IXe] 
« 2.79 x 10"20 cm2 (short dashes) and the calculated" 
biDadening coefficient y/lXel = 3.78xlO"20 cm2 (dash-dot). 
Al^o shown are the pure Lorentzian shapes (dash- 
double-dot) and (dotted), for these two values of y/fXe). 
A/.' is measured from the center of the (unperturbed) PI 
line. 

probability of remaining a free Na* with no Xe in- 
side AV is exp(-AV[Xe]), and the remaining prob- 
ability is accounted for by multiple-Xe interac- 
tions.  A more complete discussion of these mul- 
tibody contributions to the wing spectrum is con- 
tained in Ref. 22. 

A. Shift and width 

The shifts and FWHM of the D lines were plotted 
as rf/[Xe] and y/fXe] vs [Xe] in Fig. 5. The low- 
pressure limit of the broadening rate y/[Xe] is 
uncertain by about ±30% due to the disagreement 
between the present data and Ref. 26, but within 
this uncertainty y/fXe] does not appear to vary 
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IXcl   (10'° cm'») 

FIG. 5,   Broadcnintj rate y/\Xe], where y is the full 
width in cm"1 for the 590 nm line (A) and 596 nm line 
(<)).  Shift rate d/[\c] for the 590 nm line (V) and 596 
nm line (! 1).   The width for |Xe| = 2.2 x 10" cm"3 is from 
the wing-intensity analysis In Fig. 4.  The values on the 
(Xel = 0 axis are by McCarten and Farr24 (A, •, ▼, and 
■ tor width and shift at 590 nm, and by Lwin et al. (A 
and • for width of 590 and 590 nm).  The straight lines 
fitted to the shift data are for comparison purposes only. 

with [Xe].   It appears that our data for the shift 
rate can be fitted, within experimental accuracy, 
with straight lines whose intercepts are the low- 
pressure limits measured by McCarten and Farr. 

The approximately constant y/[Xe] and linearly 
varying d/[Xe] might be taken as indicative of pre- 
dominantly one- and two-Xe interactions, but this 
may be deceptive.  In the impact approximation, 
collisions with impact parameters greater than 
the Weisskopf radius Rw are ineffective at broad- 
ening, while all closer collisions contribute almost 
equally; the shift is predominantly due to colli- 
sions with impact parameters near Ä^.1  Here 
Rw={r/\Xe]irvlJ

1/2, with '„ the mean interatomic- 
collision velocity, it J.    impact parameter that 
yields unity phase shift and "interruption" of the 
optical phase.  To obtain a constant y/[Xe] and 
d/lXe], Na*-Xe collisions should be independent 
and not overlap in time.  The average number N 
of perturbers inside Rw at one time is given ap- 
proximately by yirÄjJ,[Xe], neglecting effects due 
to Boltzmann factors associated with the inter- 
atomic potentials, and N<^1 is required for non- 
overlapping collisions.   In the present case Rv 

a 13 A and A^2.5at our highest [Xe] =3.2 x 1020 

cm"3.  The Poisson distribution gives the proba- 
bility (N'/n!) exp(-A0 of «-independent perturbers 
inside Rw, so interactions with more than one or 
even two Xe at a time inside Rw is highly likely. 
However, the large frequency shifts associated 
with these severely broadened lines would appear 
to be outside the range of validity of the impact 
approximation, and these large shifts may be pri- 
marily due to perturbers at R<RW.  Thus the rea- 
sons for the observed pressure dependences of 
y/fXe] and rf/[Xe] are not clear.   These highly 

qualitative comments,  as necessary in the ab- 
sence of any directly applicable quantitative 
theory of nonbinary pressure broadening,  are 
intended only to suggest the types of issues in- 
volved in interpreting data. 

The parameters y and d completely characterize 
a Lorentzian broadened line; however, at these 
hi^h perturber densities the lines are no longer 
Lorentzian. At the highest density studied, 3.2 
x 1020 cm"5, the D lines are broadened to such an 
extent that their widths are not obtainable.  There- 
fore comparison to theory, when available, should 
be made using the complete line profile. 

B.  Secondary utellite 

It has been noted that if one assumes additive- 
pair interactions a satellite feature at Aks in the 
binary (NaXe) spectrum will also appear in the 
quasistatic spectrum as a weaker satellite at 
2A tj, due to the triatomic (NaXe,) spectrum.27 

These satellite features will be broadened com- 
pared to those given in Fig. 1 of Ref. 27 due to the 
atomic motion, but the area under each broadened 
satellite feature must remain nearly the same as 
that which the quasistatic theory predicts will oc- 
cur across the same spectral region (e.g. in the 
present case the region of 590.3-591.7 nm in 
Fig. 1).  The present data at [Xe] = 3.2 x 10" cm"3 

correspond to V,[Xe) = 0.83, where Vr, = (4ir/3)Äj is 
the volume inside the satellite radius A, = 8.5 Ä, 
obtained from Rf J. 18.  The results of Ref. 27 are 
expressed in te -ms of 6 = -^-^N, where iV is the 
perturber density, so to the extent that the 6-12 
potential of Ref. 27 is applicable our data corres- 
pond to 5 = 0.026.  From Fig. 1 of Ref. 27 it can be 
seen that a highly discernable secondary satellite 
is predicted for 6 values in this range.   No such 
feature is apparent in our measured spectrum. 

In order to test more quantitatively for a satel- 
lite at 2Akt we have carried out an approximate 
calculation of the spectrum to be expected under 
the additive-potential assumption.  We have util- 
ized Eq. (9) of Ref. 22 to calculate the contribution 
of the NaXe2 spectrum to I^ik) using knowledge of 
the NaXe spectrum obtained at low [Xe].   In es- 
sence, the low-pressure limit of/jyOt), which rep- 
resents the NaXe spectrum, is convoluted with it- 
self.   This approximation introduces the motional 
broadening into the NaXe2 spectra as convolutions 
or superpositions of the observed broadening due 
to single-perturber motion.  Royer has derived a 
similar expression, except utilizing the convolu- 
tion of quasistatic wings with essentially the 
broadened line core."  The predictions of this ap- 
proximation are compared to the data in Fig. 6. 
We have included IM{/i) contributions from NaXe 
and NaXOj only, so that the calculated /N(A*) is 
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length region of the red satellite. The higher-pressure 
ihita have been multiplied by ' to avoid overlapping the 
low-pressure data and to facilitate comparison with the 
theoretical shaix*. Here &k is measured from midway 
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somewhat lower than the measured IN(Ak).  The 
omitted terms, representing NaXen («>2) spectra, 
are expected to be slowly varying with bk in the 
satellite region under investigation, so that they 
should not affect this comparison of spectral 
shapes.   In this calculation there is some ambigu- 
ity in the choice of the unperturbed atomic fre- 
quency k0, and a value midway between the D line« 
was chosen.   Note the predicted NaXe2 secondary 
satellite hump at ~-80 cm-1 in the [Xe] = 3.2 * 1020 

cm"3 theoretical spectrum; its intensity is ~10% 
that of the primary satellite at —40 cm"1.  There 
is no indication of this secondary satellite in the 
data. 

The relationship between the predicted magni- 
tudes of the primary and secondary satellite is 
very useful in any search for them.  This is easy 
to see from Eq. (9) of Ref. 22, and is consistent 
with the results of Ref. 27.   In essence, yhon the 
area under the primary satellite/„(A A',)IV, where 
ir is the observed satellite width, is a fraction € 
of the normalized emission,  Bq. (9) of Ref. 22 
predicts that the area under the secondary satellite 
will be about i«2.   (This is roughly equivalent to 
the probability of finding two Xe inside Rs, as 

given by the Poisson distribution.)  Thus, lor ex- 
ample, at [Xe] = 2.2 x 10" cm"3, a factor of 15 
smaller [Xe] than in the above comparison, the 
secondary satellite is 15 times weaker relative 
to the NaXe satellite and is no longer visible in 
tiie thecretical line in Fig. 6.  McCarten and Farr" 
fwve reported a broad hump at —100 cm"1 in the 
red wing of the absorption profile of Na perturber 
by Xe.   They have attributed this feature to the 
(N.iXe2) secondary satellite.   However, from the 
present normalized data it follows that at their 
perturber density (3.2 xio18 cm"1) any such sec- 
ondary satellite would be about ID3 lower in inten- 
siiy than that of the primary satellite; thus it is 
obviously not the feature reported in Ref. 26.  The 
beginning of the NaXe A-X band absorption, the 
broadband at -100 to -2000 cm"1 in Fig. 2, is 
probably what was observed. 

C. Intensity undulations near vtellites 

Another aspect of ..his satellite feature has al- 
ready been noted in the data section; we do not 
observe intensity undulations at any pressure, in 
contradiction to the suggested"'10 shapes for 
broadening of Cs resonance lines by high-pressure 
Xe.   This supports the suggestion in Ref. 3 that 
re.Uistic potentials and considerable computational 
care are necessary for such calculations. 

D. Conclusions 

The qualitative behavior of the far-wing intensi- 
ties as a function of perturber density can be un- 
derstood in terms of the depletion of free Na* due 
to molecular formation and the more spread out 
character of the NaXc„ spectra as n increases. 
These effects are predicted by the additiv   inter- 
action model as given in Eq. (9) of Ref. 22.   How- 
ever, the behavior is not well understood quantita- 
tively.   In particular, we do not observe a second- 
ary satellite or intensity undulations in the neigh- 
borhood of the red satellite, nor has the pressure 
dependence of Is{k) been calculated.  The line-core 
shifts and widths appear to have a very simple 
[Xe] dependence, for unknown reasons. 
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We have excited Na(3i)-->Na(3p) with a pulsed dye laser at Na densities of lO'MO1* cm   ' with typically 
-1% Na,  From the decay time constants, intensities and spectra of ihr Na and Na; fluorescences we 
have identified several coliisional and radiative processes in the excilal sodium atom-dimer system 
Comparing the solutions of coupled equations to the density dependence of the decay constants and 
fluorescence intensities yields a rate coefficient of (3.4* j *)x 10 ' cmsec   '  for the excitation transfer 
process: Na,(3p) t Na;{.V 'i)  •Na(3.v) -^Na/H '5 and a 'II) This indicates that some kind of long-range 
interaction i> operative Other rate coefficients are determined less accui.uely; eg., nonradialive Na(3p) 
quenching rate coefficients of \Ü± 5x 10 
due to atom collisions are obtained 

cm sec     due to dimer collisions and of 3± 3x10      cm sec 

I.   INTRODUCTION 

The energetics in the sodium atom-dimer system is 
interesting in connection with lasers1,2 and high-pres- 
sure discharge lamps. 'i~5  It is also relevant to the 
study of reaction kinetics between atoms and molecules* 
and phenomena of radiation7 and excited state" trans- 
port.   Sodium vapor of density fNa| - 1014-1019 cm"3 

('/" = 280-430 0C) contains an equilibrium fraction of 
1,?-4<T of Na2.   As Na2 is bound by ~ 0. 5 eV this fraction 
may be considerably reduced by superheating.   At 
these Na densities the atomic resonance-line fluores- 
cence is strongly trapped whereas the A -X band of Naj 
escapes the vessel.   Thus Na to Na2 excitation transfer 
shortens the NaiSP) decay time and converts fluores- 
cence from the atomic lines to the Na2 bands.   Excita- 
tion transfer to the>t 'S and a 3I1 states of Na2 is ener- 
getically favored, and we observe predominantly the 
A-X band, presumably with a weak underlying a-X 
band, following optical excitation of the Na 3.P state. 
At the lower N;> density fNa| we observe quenching of 
the atomic fluorescence decay, at a rate proportional 
to the dimer density [Na2|, accompanied by a molecular 
fluorescence intensity also proportional to [Naj],   We 
attribute these observations to the excitation transfer: 
Na,(3/-,)+ Na2(.Y 's)-Na(3S) + Na|U 'S and a3n), and 
obtain a large rate coefficient from analysis of these 
data.   At higher |rNa| the reverse process as well as 
other nonradiative quenching processes occur and their 
rate coefficients are also determined.   The transfer of 
excitation from laser excited Na2(ß 'lI.A 'S) to Na(3.P) 
has recently been reported by Kraulinya,  Kopeikina, 
and Janson. 9 

•'Preliminary results reported in Bu»l. Am. Phys. See, 22, 
193 (1977). 

•"'Present address:   Physics Department, University of Mis- 
souri-Holla, Holla, MO 65401. 

''Present address:   Department of Engineering Science, Kyoto 
University, Kyoto, Japan. 

d'staff Member, Quantum Physics Division, National Bureau of 
Standards, Boulder, CO 80302. 

In Sec.  II we describe a model fur the coupling of the 
excited atomic and dimer states with various radiative 
and coliisional processes.   The experiment is described 
in Sec. Ill, the analysis of data is summarized in Sec. 
IV,   ind the results are discussed in Sec. V. 

II.   EXCITED Na-Na2 KINETICS 

A.   Na-Na2 states 

The ground and lower excited states of Na and Nag, 
from Refs.  10-12,  are shown in Fig.  1(a). Higher lying 
states in the excited molecular state manifold are ne- 
glected.   Any B~X band fluorescence was much weaker 
than the A-X band and was not studied in the experi- 
ment.   The A lZu state of Na2 radiates to the X 'S, state 
with a lifetime of ~ 12 nsec.13 This A-X band radiation 
extends from 570 to 830 nm and is responsible for the 
far wing of self-broadened sodium D line.   The unper- 
turbed a 3nu state is forbidden from radiative decay to 
e'^her the A xT.l or x 's, state due to the AS = 0 and u 
-4-M selectiT. rules.   The dominant depletion mode of 
the JII, metastable state at   low densities is expected to 
be r.idiative decay due to spin-orbit coupling to the 
A 'E, state.   If an amplitude b of the A 1S„ state is mixed 
into .ino3nB vibration-rotation state, it radiates at a 
rate rA6*, where rA ? 8 x 107 sec"1 is the A '£„ state 
radiation rate.   The b for each vibration-rotation level 
of a 'n depends on the energy difference and Franck- 
Concton factors of the same J levels in the two electronic 
states.   Such perturbation has been reported in the A-X 
band spectrum of Na2 for r' = 0-8 in A 'S, and the per- 
turbed mixing has been analyzed for the »'= 0 vibratlonal 
level.10  For these states bz -0.01 on the average, and 
we .issume that a similar value holds for higher i' 
states.   Since we do not attempt here to differentiate the 
behavior of different vibration-rotation sublevels, we 
use a bulk average decay rate r, expected to be about 
0.01 r^, in the data analysis.   This a 'n, state radiation 
is predominately in the same wavelength region as the 
A-X band, and is Indistinguishable in this experiment. 

The repulsive * ^ potential in Fig, 1(a), according 

J. Chem. Phys. 68(8), 15 Apr. 1978 0021 9606/78/6808-3553$01.00 © 1978 American 'nstitute of Physics 3553 



3554 Lam, Fujimoto, Gallagher, and Hessel: Excitation transfer between Na and Na: 

20000 

15000 

f* 10000 

-   5000 

> 
0 

-5000 XTg 

3p*3s 

3s*3s 

4 
R(Ä) 

3p*3s 

3s*3s 

FIG. 1.   (a) Potential curves 
of the lowest four electronic 
states of Nli.   The X '^ and 
A I potentials are experi- 
mental (Refs. 9,1Ü).   TheX'j 
a3n potentials are calculated 
(Ref. 11).   (b) Schematic of 
colllsional and radiative pro- 
cesses considered here.   The 
solid and dashed Unep are due 
to Na and Nas collisions, re- 
spectively. 

(a) (b) 

to the model-potential calculation of Bardsley e\ «/.," 
would "intersect" the « 3f]B potential,  if at all, above the 
Na(3/') energy on the repulsive wall.   "Crossing" of the 
curves within the a 3nu potential well would cause rapid 
nonradiative quenching of excited atoms and molecules 
due to dissociation and predissociation. These processes 
are discussed further in the following section. 

B.   Radiative and colllsional processes 

The radiative and colllsional processes in the Na-Na8 

system are illustrated in Fig.  1(b).   Molecular states 
are represented by a single level since vibration-rota- 
tional levels are not differentiated.   The radiative pro- 
cesses with their effective rate coefficients are 

Na'(3y')-RNa(3S)+ //!., 

Na^'Sj-'Na.»^"::,)+ /,,', 

and 

(1) 

(2) 

(3) Na,»(fl,n„)-'Nal(X
l£/)+/^. 

The Na^P) has a natural lifetime of r^1 ^ 16 nsec but in 
this experiment the resonance fluorescence is heavily 
trapped so that the Na(3/:) has an effective radiation 
escape lifetime r« * 10 Msec.   A 5 nsec laser pulse 
tuned to near resonance produces 3zP3/i atoms but 
radiation escapes in both the Dx and üg lines due to col- 
llsional transfer between the S'Pi/i and 3*P3n states.,4 

At the higher [Na] in this experiment the doublet states 
reach very nearly in a statistical ratio of 2: 1 with an 
escape rate rK   :,(2rU2+ r1/8), where r3/i and rin are 
the escape rates of the D2 and />, lines, respectively. 
At the lower fNa|,  rK is more heavily weighted towards 
r3/2.   Niemax and Pichler'5 have reported broadening 
rates of the PUi and P3n lines that are not in the sta- 
tistical ratio.   This would cause ~ lO'* difference be- 
tween r1/2 and r3/z, and the change in weighting then 
causes a few percent variation in rR.   For a self- 
broadened Lorentzian absorption profile r1/2 and r3/z 

are independent of density.7 However, atfNa|~1015- 
1016 cm"3, non-Lorentzian features in the line wings 
produce minor changes in r{/z and r3n.   To compute 
this we take the absorption profile measured by Niemax 

and Pichler" and use the approximate relation7 that the 
escape factor Tu/r,, is proportional to the transmission 
factor T(l) ^ ik^cxpi- ktll)di>/jkydu, where / is the mean 
escape radius of the cell. The resulting dependence of 
Ffl on !Na2] at 470 °C is shown in Fig. Zafternormaliza- 

[Na(T-470K)] (cm"3) 

KIG, 2.   Measured fast (u)») and slow iuij exponents of the 
lluoresirnce transient, the ratio of molecular to atomic fluo- 
rescence ■ (ft./a.), and the ratio of amplitude of the   j.st to slow 
components in molecular fluorescence bjb., *■.    .•6, <0 and 
/),>() plotted against molecular density [Najl.   Solid lines are 
calculatici from the model for a cell temperature of 470"C with 
parametir values given by Table I.   The dotted line is the cal- 
culated h./a. at a cell temperature of 410 °C. 
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tion tu a value of 10ssec*' measured at low density. 
This iiormali/ation corrects for the effective cell size, 
which depends on cell-wall reflection coefficients and 
geometry,   rv i/iries by - 12','i between low and high 
densitie«.   CH'erlap of the /J, .ind U, absorption profile 
«'«•c« eases the escape rate by < Vv ;ind is not included. 

Radiation trapping in the molecular band is negli- 
gible.   However,  since the A~X band overlaps with the 
atomic /' line,  the initial laser pulse does excite the 
A 'S state, producing a transient A -X band fluores- 
cence of 12 nsec which was observed.    The excitation 
of A'S by the - 10 ;isec trapped atomic resonance ra- 
diation would have an excitation rale proportional to 
|Na2| and it is difficult to separate its effect from col- 
lisional excitation.   However, it can be shown to be 
negligible by the following argument.    At [Na] = 1014- 
1018 cm"J, the absorption coefficient of the atomic line 
is lO^-lO1 cm'1,  so that a photon travels 10"4-10"5 cm 
between absorptions.    The escape factor is - 10"3, so 
that on the average a photon travels (10"4-10"5)^ 105 

10"'-10"2 cm before it is re-emitted far into the wing 
and escapes after traversing the cell dimension /~ 1 
cm.   The broadened resonance lines are much widsr 
than the spacing between strong Na2 lines, so that the 
average absorption cross section'6 of ~ 10''* cm2 for 
the V lS -^ '2 transition at - 590 nm and - 500 0C 
applies.   The probability of a photon being absorbed by 
Na2 before escaping is thus iNaJa/- 10''8 cm3 fNa|2, 
which is negligible compared to the probability of col- 
lisional excitation transfer probability given by 
^,|Na2|/rK-3- 10-'4cm3(Na2|. 

Collisional excitation transfer processes in the Na- 
Na2 system, as indicated in Fig.  lb are 

Na'On+Naj-t.Y lS)^*NV(i4 lS)+Na(SS)) 

,3i» Na*(3/') + Na2(,Y 'S)« Nat*(o Tl) + Na(3S), 

;uid 

Na2»(</ Tl) + Na(3.s) J Na,»^ 'S) + Na(3.S), 

(4) 

(5) 

(6) 

where/,',   *,,+ *•„ and r   /.• „//?,,,. 
ing processes ire: 

Na»(3/,) + Na(3S)-2Na(3S), 

Nonradiative quench- 

(7) 

and 

Na'tS/M+NajtV ;)-Na,»»(a 5ri) + Na(3S)-*3Na(3S), 

(8) 

Rate coefficients for the various processes arc desig- 
nated /.v and rates lt..   Reverse processes of (4) and 
(6) are neglected compared to the rapid radiative rate 
of the /\ '£ state.   The possibility of quenching process 
(7) is allowed for, as it could result from crossing of 
v 'S and a 3n potentials (sec Fig,  la), but would be 
negligible in the absence of such crossing.   The 
Na**U; Jll) in Process (8) corresponds to those weakly 
bound a 3I1 dimcrs that can predissociate before radia- 
tion or vibrational stabilization to more deeply bound 
states which do not predissociate.   Therefore only 
Na2*(a3n) states that do not predissociate are included 
in Eqs, (5) and (6).   The predissociation rate, R,,, is 
faster than all other rates so that (8) proceeds effec- 

tiveh at rate coefficient kt.   The rate coefficient ki 

will I"« used to describe all forms of Na(3^) quenching 
by Na:(.V) which do not result in red emission.   Thus, 
although the process in (8) is perhaps the most likely 
mecli inism, transfer to the B1UU siate followed by green 
D-X oand emission would also contribute, as would 
nonradiative quenching.   Process (5) is expected to 
yield a nonthermal distribution of population in the 
vibr.uion-rotation state» of «3n,   Consequently the 
ratio of forward to backward rates, k^/kt, is not ex- 
pected to have a  hermal value.   The A 'S state is not 
expe; ied to predissociate,  and collisions between two 
exciu d atoms are negligible due to low excited state 
density, [Na*] 1012 cm-3. 

The rate equations corresponding to Eqs. (l)-(8), 
their solutions and the relation of the rate coefficients 
to experimentally measured quantities are given in the 
Appendix.   This may be summarized as follows.   Since 
the/i  S state and «3n** state in Fig.  1 decay very 
rapully compared to collisional rates, the equations for 
these  level populations are taken as uncoupled.   Thus 
only die Na,^ 'nj and Na(3P) states are coupled and 
the !• lutions for their populations consist of two ex- 
ponentially decaying terms [Eqs. (A4)-(A7)].   The iP 
population thus decays with fast and slow exponential 
rates while the a 3ri population initially grows at the 
fast rate and decays at the slow rate.   As given in the 
Appendix (A7) the atomic radiation is then obtained by 
multiplying the Na 31' population by the radiative escape 
rate rR and the molecular radiation is r^fNa2{A 'S)] 
+ rn!Na2(a

3lI)l,   The approximation Rn» R^p is then 
used lo obtain approximate expressions [(All) to(A14)] 
that show the sensitivity of the measured parameters 
to the collisional rates.   Finally, expressions for the 
nonradiative quenching are given [(A1S) to (A17)].   In 
essence these note that the observed aecay rates may 
be faster than can be accounted for by the ri.diative 
loss rates.   The analysis of the data, using these re- 
sults is given in Sec, IV. 

III.   EXPERIMENT 

A cylindrical stainless steel cell with sapphire end 
windows is connected to an external Na reservoir and 
pumps.   The Na density in the cell is controlled by the 
temperature of the external reservoir, and the Naj den- 
sity Is then given by the equilibrium relation at the cell 
temperature,   A nitrogen-laser pumped dye-laser tuned 
near ihe Na resonance lines excites Na atoms to the 3P 
state m a ~ 5 nsec pulse.   The laser beam is spread out 
to fill the cell windows and tuned off resonance in order 
to excite 3P atoms more or less uniformly throughout 
the cell,   A lens past the cell focuses the transmitted 
laser beam into an absorber on axis and also focuses 
a Ian e portion of the cell volume onto photomultipliers. 
The photomultipliers are filtered to detect the 590 nm 
region of the Na resonance lines or the 620- 800 nm 
region of the Na2y4-.Y and n-X, bands, and the time 
dependence of these signals are recorded by a transient 
digiti, er and/or an oscilloscope.   The emission spec- 
trum m a fixed time interval after excitation was also 
measured with a gated photomultiplier following a 
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monochromator.   Details of the apparatus are given 
below. 

A.   Cell and oven 

Temperatures of -450 "C are required for fNa] of 
- lO1" cm'3.   The alkali resistant cell consists of a 
stainless steel cell body with sapphire windows.   A 
major problem is the brazed joint between the sapphire 
and the metal sleeve, which frequently cracked due to 
thermal strains.   While more windows provide better 
input and output optics and reduce laser scatter, the 
chance of window failure increases.   The final cell 
used is 5 cm long and 2. 5 cm diameter sapphire win- 
dows at each end.   The sapphire windows are also 
enveloped in concentric evacuated stainless steel pipes, 
which were welded onto the cell body with both ends 
protruding outside the oven and which ended in flanged 
quartz windows.    In addition to minimizing thermal 
gradients, the envelope maintains vacuum and the cell 
remaim operational as long as the sodium loss rate 
through minor cracks in the sapphire windows is not 
excessive.   Covering the cell body arc two closely fitted 
half-cylindrical brass shells which maintain a uniform 
temperature.    With extreme care in welding the sap- 
phire windows on the cell body and with a minimum of 
thermal cycling and abrupt heating or cooling during and 
between data taking, the windows of this cell did not 
leak at the end of the experiment. 

The cell is connected to an external Na reservoir 
and then through a bakeable, stainless steel valve to 
the vacuum pump.   The reservoir temperature fixes 
the Na density in the cell and the higher cell tempera- 
ture fixes the molecular fraction through the tempera- 
ture-dependent equilibrium constant Km in fNa2l 

A „INa|2.   After initial bakeout, sodium is distilled 
in situ from an ampoule holder outside the bakeable 
valve into the reservoir adjacent to the cell.   After 
distillation,  impurities due to outgassing are removed 
periodically by opening the valve briefly while the cell 
and reservoir are kept hot.   No impurity effects were 
detectable after a few days of operation. 

B.   Density determination 

Sodium vapor density is mainly determined from 
thermocouple junction temperatures at the reservoir 
finger and at the cell body.   Vapor pressure values 
compiled by Nesmeyanov17 are used for [Na].   Atom- 
dimer equilibrium constant, A',,, which determines 
|N;ij|,  is calculated from the .V S potential curve" 
according to:19 

*„ - U'./A'3.) /"  d*Reixti-V,W/kT]m.V,/kT),  (9) 

where them's are the multiplicity lactors of the dimer 
;u)d atomic states,  VM(R) is the dimer \ l^ potential, 
and H .', Vt/kT) is the normalized incomplete gamma 
function.   A'„ as calculated in (9) has an uncertainty of 
1 -exp(- A/>,//,-7')~ 13"? given by the uncertainty in the 
Y 'S well depth A/*,-70 cm-1. " 

The [Na| density is checked by measuring the absorp- 

tion profile of the D lines with a quartz iodide lamp. 
From the measured absorption equivalent width and 
the si lf-broadening coefficients of sodium D lines," 
the | Na] density is determined and agrees with temper- 
ature determinations to within the measurement uncer- 
tainty of ± 10%. 

C. Laser and optics 

Thr dye laser follows the design of Hansch" and con- 
sists of a quartz curvette dye cell in a ~ 20 cm long 
laser cavity consisting of a 5 cm diameter grating 
(~ 2000 lines/mm), a beam expander and an output mir- 
ror of transmission ~ 50%.   The dye is pumped trans- 
versely by a nitrogen laser.   Output pulse of the dye 
laser is ~ 5 nsec long, ~ 0. 05 nm wide. 

Th< trapped radiation escape factor depends on the 
excitation beam geometry as well as on cell geometry 
and vapor density.   It is not possible to adjust the ex- 
citation beam to produce an initially excited atom pro- 
file cii only the fundamental mode of the cell so that ex- 
ponemial decay results.7   A practical compromise, and 
a gooct approximation, is to excite the whole cell uni- 
formly.   For this purpose, the uniform central portion 
of the laser beam is expanded and passed through the 
cell as a parallel beam of 2. 5 cm diameter.   At low 
[Na] - 1014 cm"3, when collisional energy transfer is 
minor, we observed a single exponential decay of ~ 10 
Msec lifetime for over two decades. This is presumably 
the fundamental radiation escape mode and higher 
modes are negligible.   The laser beam is tuned suffi- 
ciently from line center to yield at least 101 transmis- 
sion, thus providing a less than 307 variation in ex- 
citation along the cell length.   The detuning was typi- 
cally 0.4 nm compared to ~ 0.05 nm laser line width, 
so that the - 30% absorption U uniformly distributed 
over all laser wavelengths. 

The energy in the 5 nsec laser pulse is kept at 10- 
30 lid, since high photon density would produce step- 
ivise excitation or, more importantly, saturation effects 
such as depletion of molecular ground states by excited 
atoms according to (4) and (5) in Sec. II.   Nonexponen- 
tial and long-lived tails in the transient decay were ob- 
servcii when we increased the laser pulse energy or 
used a focused beam instead of expanding it to fill the 
cell. 

The transmitted la^cr beam is focused into a small 
light stop by a 10 cm lens placed - 10 cm beyond the 
cell.   Multiple reflections of the laser beam would also 
emerge parallel and are focused onto the same stop. 
The small stop blocks very little of the sodium fluores- 
cence that emerges from an extended source throughout 
the volume of the cell.   The fluorescence is imaged by 
the same 10 cm lens with//10 optics onto the detectors. 

D. Signal detection and processing 

The fluorescence is detected both in a wide band with 
optical filters and through a monochromator.   For 
transient measurements, a ~ 7 nm wide interference 
filter is used to pass the broadened D lines, a yellow 
glass filter for the total fluorescence, and a glass fil- 
ter passing X ^620 nm for the red portion of ihe A-X 
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band.   This red portion is determined to be 73 ± 5l!( of 
the entire A -X band intensity from spectrum measure- 
ments described below.   The filtered fluorescence is 
detected by a GaAs photomultiplier wired so that a 
synchronized negative voltage pulse can be applied to 
the first and third dyiuxies to switch the gain off when 
the laser pulse is on.   Most of the time-dependent 
signals are then digitized by a transient recorder with 
- 10 nsec resolution, averaged in a small computer, 
and then stored on magnetic tape.   The decay constants 
for the fast transients (u\) were measured from oscil- 
loscope photographs. 

For spectral ■canning of the fluorescence, a | m 
monochromator set at 1 nm resolution is used with an 
extended S-20 phototube which is also wired for gain 
switching.   The spectral sensitivity has been measured 
;ind is used to correct measured spectrum.   The signal 
is fed to a boxcar integrator to integrate the portion of 
the transient 3-7 //sec .tfter the laser pulse, which is 
free from noise due to laser firing and phototube gain 
switching.   A multichannel analyzer then digitizes the 
■canned signal. 

IV.   DATA AND RESULTS 

A. Data 

Directly measurable quantities in this experiment 
are the relative intensities and time dependence of the 
atomic and molecular fluorescences.   Both fluorescence 
signals are analyzed as two exponential components, 
with decay constants a', and ii).{w,   ui.), as given by Eq. 
(A7) in the Appendix.   As expected, we observe the 
same a', exponent for the atomic and molecular fluores- 
cent decays.   The initial fast exponential component 
in the atomic fluorescence is masked by laser scatter, 
so the x, exponent is measured from the molecular 
fluorescence.   Also measured from the molecular 
fluorescence transient is the amplitude ratio of the slow 
and fast components, bjb, in Eq. (A10).   The ratio of 
molecular to atomic fluorescence 1^/1^,, is measured 
in the late part of the decay, where it corresponds to 
hja, in Eq. (A8).   Fluorescence intensities at different 
Na densities are not compared due to the different ex- 
citation conditions used.   Thus the measurements yield 
the quaiitities u>., u,, bjb, and ö./«. of Eqs. (A7), (A8) 
and (A10) as a function of (Na| and fNa2|. 

The molecular spectrum was measured at tempera- 
tures of 410-480 "C.   The spectrum has been shown in 
Fig. 8 of Ref.  16, where it is compared to calculated 
thermal A -X band spectra and appears closest to that 
of a T " 3000 0K vibrational distribution. 

The measured quantities of u>., a'., bj,i, and 'bjb,\ 
where/J. is negative, are plotted against [Na2| in Fig. 
Z.   A possible systematic error in the (Na2i jcale of 
t30'(, due to uncertainty in fNa| and/<„ corresponds 
to a horizontal iranslnlion in the logarithmic scale 
uul is nut indicated.    Most data ire measured at i cell 
temperature of 470'C, with A„   2. 2 OO'18 cm3.   .S.nne 
■A the a', and h. u. data are taken at different cell tctn- 
;« rntures 410-4KC '<' ••  'Mdlcatod in Fig, 2.   An analy- 
sis   if these data is :;iv.rn MI the following sections. 

B.   Data analysis 

The radiative decay rate w. was measured at (Naj 
- 10'  - 2 * 10'6 cm-3, although only data for | Na) > 4 
< 10 ' cm"3 is shown in Fig. 2.   For [Na] = lO13 - 2 
x IQ14 cm'3 we obtained w.« 1*0. Ixio'/s.   Since col- 
lision processes, other than 3J.."1/2~ S2/',^ mixing, 
are negligible at these densities this w. corresponds to 
rÄI the (trapped) radiative decay rate     As noted in 
Sec. IIB, the 38/J./2" 3z/,3/2 mixing due to Na collisions 
shouM cause only a few percent change in rR, so this 
constant obaerved F^ confirms the prediction of Hol- 
stein's theory7 for resonance broadening.   This con- 
stant VN results because the line width as well as the 
number of absorbers is linear in [Naj in this density 
range, so that the photon escape probability is inde- 
pendent of fNa),   The 12'f variation of rh with increas- 
ing [Na], shown in Fig. 2,  is obtained from the argu- 
ments in Sec. DB.   At the higher densities the additional 
colli.sion processes in Fig.  1(a) compete with this radi- 
ative  lecay rate.   To obtain information regarding these 
additional rate coefficients we will compare the mea- 
sures quantities a)., b./u., and h./b. to the predictions 
of the model given in Fig.  1(a) and Eqs. (l)-(8).   The 
resulting linear coupled equations and their solutions 
are j^iven in the Appendix.   These solutions, (A7)- 
(AlOi. have a relatively complicated dependence on 
seven unknown coefficients,  so that a random search is 
not re distic.   Three simplifications allow a relatively 
rapid convergence to a set of coefficients that explain 
the data.   First, a range of reasonable values can be 
set for *,+*,, rn, and r; next, upper limits can be 
set for the nonradiative quenching rate coefficients *3 
and A, using minimal assumptions for the other coef- 
ficients; finally, approximarions tc (A7)-(A10) can be 
used to isolate the Important parameters during an 
initial search procedure for the remaining coefficients 
kz and <?5 and improved values for ku rn, and r. 
Finally, these values are optimized and uncertainties 
are estimated by a least squares fitting of the exact 
equal inns to the data.   These steps are described in 
the following paragraphs. 

As [Na] increases from 5-15MO14 cm"3 (fNa2l= iO11- 
1013 cm'3 in Fig. 2), u. varies approximately linearly 
with |Na2] and is fairly independent of variations in fNa] 
with 7 (Fig. 2).   This behavior corresponds to a rela- 
tively minor amount of back transfer (ft5) at these low 
densities, so that w. 3^,^= rR+Ä,+Ä, + /?4 from (A7). 
Assuming for the moment that the Na induced process 
A3 is small, which is consistent with the relative in- 
sensilivity to T, the variations of u. with fNa2| in this 
low-density region yields *, + *4- 4x 10'* cms sec':. 

From analysis of «3nu, A iZu perturbation strengths10 

one can infer that the majority of a 'n, vibrational and 
rotational states will have radiative rates of 2xl05 

- 108 pec"1, with the rest in the IO'-IO'MC"
1
 range. 

Those   adiating faster than - lO'sec"1 are effectively 
!(roup«    with the A l£, states in this analysis, and as 
r„ rei   esents an average rate for the remaining« 3nu 

states    e expect 2   lO'^sec*1 ^ rn ^ iü6sec"1. 

The   atio >   klkl I. ,„ of excitation transfer to a 3ri, 
ersuf   hat to A 's, has a reasonahJ^ upper limit of 6, 
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TABU   I.   Collisional and Ktiiiative rates for Na 
and Na   excited states for the jjrocessus in Eqs. 
(l-(8)/ 

[No]  llOl5cm-3 

FIG. 3,   l{:itio of molecular to atomic- fluorescence normalized 
bj molecular i%, sitv (ft^a.lNa^j) at a cell tcmperutl .e 470T 
plotted agalnt atoi. ic denait.v (Nal.   Lines A, li, 1 , D, and F 
corrospoiy' to model calculations with *;/rn-1.5*10"" cm'1 

and Ihc • aim s of r-fr^ >i, 
A,  13, 'J,  IK and K in '/ig. 

and k,, rn as indici-u'd by points 

the statistical weight ratiu.   In fact, since the more 
strongly mixed vibration-rotation « Jriu stales radiate 
rapidly,  they are effectively grouped with the/I 'S„ 
states and /- •« 5 is expected.   The w. data in Fig. 2 do 
not fit !',,,+ A'jNaj) and the molecular/atomic intensity 
ratio in Fig. 3 does not fit ^fNajl/r,,; thus some back 
transfer U's in Fig, 1(a)| is essential, requiring y>0 
and h5   0.   Li fact the ratio of the actual data in Fig. 3 
to ki/rK at fNa]   4x lo15 cm"3 requires r> 1.5 for any 
choice of the other coefficients. 

The nonradiative quenching rates, R3 and A«, are 
given in (Al 7) in terms of a Ja., the measured quan- 
tities w,, u)., hjn,, and bjh., and rR which is known. 
The only unknown quantity on the right side of (A17) is 
a./n., which equals (w. -R3p)/{I{3p - w.) from (A9), 
Here K3p s rA. ^ «, + Ä, + Ä4 depends on R} and Rt, but is 
already known approximately from the above discussion 
of the low Pressure data.   Thus (Al7) in the form given 
must be solved iteratively for R3 + Ri, but this procedure 
converges very rapidly because the terms involving 
"./«. are relatively minor and as soon as an initial 
estimate is obtained for Ri + Rt, a Ja. is only weakly 
dependent on /<3 +W4.   In essence, aja.^0.1, and this 
ratio changes by 10% or less with the addition ol R^ 
+ «4.   Starting values of *.,= 7x 10'12 cm3sec"1 and £4 

5x 10'10 cm3 sec"1 can be obtained directly from the 
data using the (A15) approximation to (A17).   Since 
(Äj+Ä4)/fNal = *, + *4fNatl/[NÄl«*,+*4lfjMi] we have 
plotted the right-hand side of (Al7) divided by fNa| in 
Fig. 4.   Thus the intercept in Fig. 4 yields ^3 and the 
slope <'4 AN with A„ r 2. 2 x lO"1* cm3 for the 470 °K data 
used.   These coefficients are given in Table I.   The 
uncertainties in Fig. 4 and in the resulting £3 and kt 

(3.4!l:^x^o-• cm3 sec"' mor1 

1.7*0.8 

0.8±0.8x10*" cm' sec"1 atom"' 

(3±3)xi0"'2 cm5 sec"1 atom"1 

(lOi 5)x 10"" cm5 sec"' mol"' 

(3 + 1) x lo"'0 cm3 sec"' atom"' 

Sxio5 sec"' 

are quite large due to the subtraction of similar-sized 
terms on the right-side of (Al7).   Nonetheless, these 
bounds on A'3 and *, are very useful in establishing the 
validity of the assumption in paragraph two of this 
sectiim, and that Wj and Ä4 play a minor role in the 
following determination of the remaining coefficients. 

To simplify the initial search for the quantities ku 

r, kz. A's, and T, we note first that the above arguments 
have U'ad to t1 + it4~4x 10"9 cm^sec"1,  1.5<r<5, 3 
< 105 sec"1 < rn < lO'sec"1.   For the pressure range 
covered by the data it follows that fl, = rn + /i2 + «5 
> 3R:il *3(rfi+Äi + ft3 + /i4).   This is valid at low pressure 
since rn > 3rK and at high pressure where R, -R^ and 
«3P~/M since/e5a |Na| and «3^^ fNat).   (ThatRz<Ri 

as well is necessary to explain the observed back 
transK.T at high density.)  The (All), (A13) and (A14) 
approximations to (A8), (A10), and (A7) which result 
from assuming/^».Sjo are 

[No]   (I0,5cm" 
FIG.   1.   Data related to the nonradiative quenching rates ol 
NaOP) and Naf (a3n) normalized by sodium density {Nal.   The 
vertical Intereept gives the atomic quenching coefficient and 
the slni« gives the dlmer quenching coefficient. 

- 
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St'f I'ig, ■! I'iiption for i'.\|)l.iii:ition <>l the UiU'K. 

1 

iN;i, 
/M/.      r (yr„)fNal \ 
rA    r+i i-.(/,'5.rn)fN;ilt(/,',/rn)fNa|)/ 

1        (VI'n'lNal 

u'. ■ rn+(A-E+A-j)fNa| 

(10) 

(11) 

(12) 

Here (10) predicts a molecular/atomic intensity ratio 
in the late lime pven by K,/TK times the factor in 
parentheses, which results from the Na(3/')" Na^(fl'f],,) 
forward and backward coupling.   The ratio (11) of the 
molecular decay coefficient ft. to the initial transient 
ft, during Na2(c7"[Iu) population building is also influ- 
enced by the Na(3/')'-Na2(rt '[IJ coupling.   Since the 
measured u). (Fig, 2) are in the 2-4 < 10*sec'1 range 
and considerably exceed rn, (12) yields ^2 + it5~4 

■* 10"10 cm3 sec"'.   Note that except for l\:ä multiplicative 
factor k\/TR in (10), the measured quantities ft./ajNagl 
and b./l), dept^nd on t5/rn, kz/'^n, and r.   Thus the 
exact equations (4B) and (A10) will also depend pri- 
marily on these three quantities, plus the kx/X'K multi- 
plicative factor.   As can be seen in (10) and (11) the 
ft./fl.fNag] and ft ./ft, data have quite different depen- 
dences on A'5/I'n, A^Tn. and >•; as a result these pa- 
rameters are well determined by fiUing (A8) and (A10) 
to these data.   To do this we have chosen sets of these 
three quantities and compared (A8) and (A10) to the 
data as a function of iN.il.    As this fitting is insensitive 
to /.'j and kA, the values determined above (Table I) are 
of sufficient accuracy.   The above arguments have also 
led to an approximate A",/TR,  which can be improved 
in the present fitting.   A graph of the dependences on 
all four parameters is ioo confusing, so we have fixed 
/t2/rn ^1.5« 10'17 cm3 to illustrate the dependences on 
*i/rK> ^'s/^n. and r i" Figs. 3, 5, and 6,   In Figs, 3 
and 5 the ft./fl.[Na|] and -bjb. data are compared to 
the calculated values.   The sum of the squared devia- 

tioiih X between data and theory is plotted, as a func- 
tioii ot >fi/rn and r, as contours jn Fig. 6.    The solid 
contours refer tu the data in Fig. 3 and the dashed to 
the data in Fig. 5.   For the data in Fig. 3 the smallest 
X occur for Ai/rn and r values along the dotted line 
AER in Fig. 6 for the data in Fig. 5 the smallest X are 
aloiit; the line CED in Fig. 6.   Hence fitting of both the 
ft./"jNa2| and -ö./ft. data restricts the values of *5/rn 

and /■ to the region around E in Fig.  6 for this *2/rn 

= 1, 5 x. 10*" cm0 case.   When ki/ra is increased the set 
of dnshed contours of Fig. 6 moves to the right while 
the solid contour set moves to the upper left.   The AE8 
and CED lines then interact at much larger values of 
X, indicating a poorer fit to the data.   When kt/rn is 
dec.ea&ed the fit to ihe data does not change signif- 
icantly.    Using a tripliug of either X value at the inter- 
scdion point (E in Fig, 3) as an uncertainty criterion, 

we thus obtain r   2.7±0.8, ^/TriMei^)* lO"'6 err3 

and v2/rn - (1  5 ± 1. 5) « 10*" cm3.   In Fig. 3 and 5 the 
solul curves A, B, C, D, E show how Eqs. (A8) and (A10) 
fit me data for values of » and /t,/! n at points A, B, C, 
D, .aid E in Fig. 6, e.g., at point A, r- 5 and ks/rn 

- 3    10'18 cm3.   The vertical intercept in Fig. 3 gives 
A1,/! „,   For a region of g jod fitting around point E in 
Fip.  6, we obtain the value of AvrR between 3. 2 x 10"M 

and 3. 9x 10"M cm3.   For rR. 105sec"1 and including 
(additively) an -30% uncertainty in [Nag], we obtain 
k{ - i 3, 4Ii;J) x 10'9 cm3 sec"1 molecule"1.   In order to 
empnasize the sensitivity of the data to the reverse of 
reaction 5, the prediction of the model for k^^O fft./ 
rt.fN:i|] - ki/r, from Eq, (10)| Is plotted in Fig. 3 for 
the case A-, - 3.4x 10"' cm3sec"1 molecule"1.   The ~ 20% 
variation in this *'i/rK is due to the slight dependence 
of rH on (Na| as described in Sec. VB. 

Lsing the above k?/rn - 1, 5xl0"17 cm3 and *5/Tn 

= 6- 10"18cm3, (12) reduces to w.^ rn(l + 6.15x lO'18 

cm'lNal) and yields rn-5-6x lessee'1 from the w, 
data in Fig. 2.   The resulting rn, <?2 and /?5 and pre- 
viously determined coefficients can then be used in the 

002 

,0 

J 
n 

 i_ 

i<5/r. cm3) 
10 8 

, do-'« 
FIG. 6. Contours of sum of squares of fractional deviations, 
having the Indicated values from fitting Eq. (10) (solid con- 
tours) and Eq. (11) (dotted contours) to data In Figs. 3 and 5, 
with '.2/rn set at 1.5x 10"" cm1. The troughs AEB and CED 
repr< sent regions of good fit to data In Figs. 3 and 5 respec- 
tively, with overlapping region at E the best combined fit. 

i? 
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exact (A7) to obtain a more exact result rn ^ 5 * 105 

sec"1.   Combined with the above ratios we then have 
it2-8xl0-l,cm38ec-1 and *5= 3* Kr10 cm'sec-'.   The 
measured w» have considerable uncertainty, but these 
ki, rn and A's values are also required to be consistent 
with the more accurately measured w..   The estimated 
uncertainties in all of the coefficients and rn are in- 
dicated in Table I. 

C.   Results 

The results are tabulated in Table I.   With the values 
of Table I substituted imo (A7), (A8), and (A10), we 
obtain the solid curves in Fig. 2 for a cell temperature 
of470"C(/\N   2.2xl0■,8 cm3).   At a cell temperature 
of 410 0C, /C„- 5. 3 MO"18 cm3 increases by a factor of 
2.4 while /(./(/. increases by only 20% (dotted line ip 
Fig. 2) and to. does not change by more than a few per-: 
cent. 

V.   CONCLUSIONS 

We have observed a large rate coefficient, h'i = 3.4 
x 10'9 cm3 sec'1, for excitation transfer between excited 
sodium 3P atoms and the X lS sodium dimer.   This is 
the same order as 'he rate coefficient, *- lx 10*' cm 
sec'1, for the reverse process between the B 'fl and 
3/' states in potassium and sodium systems reported 
by Kraulinya et nl .* However, it is difficult to make a 
quantitative comparison.    Kraulinya <•/ al.'s measure- 
ment for potassium gave a rate coefficient for the A 'S 
~ AJ' transfer process of 1 "■ 10'10 cm1 sec'1 compared 
to our A's ~ 3 x 10'10 cm3 sec"1 for sodium a 3n - 3P trans- 
fer.   As they explained, their result is small because 
tne A lS sublevels they excite (with 6328 nm light) are 
energetically unfavorable by ~3-4 kT for energy trans- 
fer to the 4/J state.   Our result /t5 ; 3x 10"10 cm3 sec'1 

is intermediate between a number of the order of 
10"9 cm3 sec'1 for the exothermic process and Kraullnya's 
number of 1 x 10'10 cm3 sec"1 for the endothermic pro- 
cess, perhaps because it is due to populating a wide 
range of vibrational levels in the a 3II state in the en- 
ergy transfer. 

Two possible mechanisms for the large t, rate 
coefficients are (a) atom-dimer resonance interaction 
(the>4-X bands overlaps the Ü lines) and (b) ion-pair 
intermediaries (harpooning mechanism).   Both mech- 
anisms are long-range interactions and would be ex- 
pected to produce highly internally excited Naj A 'j 
st.ites, qualitatively consistent with the/i-X band 
spectrum observed. 

The value of P,,    5 -105 sec'1 is consistent with n ■'[1- 
A 's perturbation analysis0 md the value of /o2 ^ 1 

< 10'" cm3 sec'1 is of the order of gas kinetic rates, as 
expected.   The small quenching coefficient h^ ^ 3 ± 3 
< 10"12 cm' sec'1 indicates that the a 3(1 and A 'l states 
are not strongly quenched due to curve crossing 
with the \  '   state.   This agrees with the qualitative 
featun of the calculated > 1L and« 'll curves'2 which 
shows ;my crossing woulil occur only hi^li on Hie repul- 
sive wall.   The nonzero value of/,'4, on the other hand, 
indicates tlat nonr.idiative molecular (ju« >ichln(! of 
Nii'ST) i.H'turs.    If.  ;is iusl «nggPflled,  th<> > '"•; and«3!! 

potentials did not cross below the 3P energy, this 
should not occur by the predissoclatlon process in (8). 
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APPENDIX 

Considering (l)-(8) Sec. II, the rate equations are 
(R, »^iNa^X '£)) for i = In, 16,4; Ry /?,fNa',3s)| for; 
= 2,5): 

dfNa*(3/.)|/rf/=-R3>(Na»(3/))M5[Na2»(ö3n)i + ;j(/), 

(Al) 

rffNalU» lZ)]/dt = - rjNafO» 12)] 

+ RiifNa?(a3n)l + RjNa»(3^)) + r'(0, 

(A2) 
;md 

dfNaKa,n)l/rff = -Äf[N*|(a,n)] -RjNa*(3/))],   (A3) 

where R,>«rR + Äl+Ä,+Ä4) R, = rI +R2 + «5, R^R,, 
» R,,,,   VR is the radiative rate of Na*(3/)) with trapping 
and PU) and P'(t) are the laser pumping rate of the 3/> 
and A '", states respectively in the first - 5 nsec.   The 
3p and n 3n states are coupled by (Al) and (A2).   Ne- 
glecting transients within / ~ 5 nsec or F^1, which in- 
cludes I'Xt), we have the initial conditions: 

\mip)]*l,d\**.4p)]/dt-~Ru 

[Na2'(fl 3n)l = 0,rffNa2»(a an)]/dt = Rn, 

with solutiors: 

fNa'(3/))l -- (w. - wJ"lf{Äs, - w.) exp(- w.t) 

t(a>.-ftJ#)exp(-w./)l, (A4) 

[Na^a 3n)l = (w. - tiO'lÄ,»[- exp(- w,/) * expC- w.0l, 

(A5) 

and 

fNa/Ol !S)] = (a-. - ^r[{-l'{\A
iC_JJRiRit) exp(- w.O 

where 

w.   ttR. + RiJtWiR.-Rj+RtRu]1", 

The photon intensity in the atomic fluorescence is 

/„    rjNa*(3/))l5rt.exp(-a../)+fl.exp(-a'./), 

and th:M in the molecular band is 

leu   rjNa^Dl + r.fNalVn)] 

H/), exp(- w./) + ö.exp(- u'./). 

(A6) 

(A7) 

Pliys.. Vol.68, No.8, 15    tml 1978 



Lam, rujimoto, üailagher, and Hessel: Excitation transfer between Na and Naj 3561 

Fur / • u-C1 and the excellent approximation rÄ/(rA 

- u'.) ~ 1, the molecular to atomic fluorescence ratio 
is 

WV-/"-- r;1(«i0 + «,!,(rt2^r,)(w.-/<3>)-
,|. (A8) 

The amplitude ratio of the slow to fast component is 

njn.   (a'. - Rip)/(li3p ~ aO for atomic fluorescence 

{A9) 

and 

ft./ft.=rÄu(w.-ft,#)+(ft,+rt)Äj/rftu(Ä„-w.) 
-(/;24 r,)/;^! for molecular fluorescence. 

(A10) 

Equations (A7)-(A10) can be simplified by use of the 
approximation K,    R ,,., to obtain (r   /.K,//.',,,): 

... >«, + Ä,Äu(/ef-«3,)-1 ~ H, 

r, + /e2*«5, (Aii) 

u,-.-Ä„-«,«,»(«,-ft,,)'1 *RU-R%RUR? 
-r^-f/i,-, ft,f/vji ->■(>-■. D'^r.+Aj+A,)-1), 

(A12) 

/'-/rt.-r-R
1ft1fl-r(r+l)-'ft5(r..ft2 + ft5r

1|,       {A13) 

and 

-bjh, - l + r"l+ >-"1ft5(rr + ft2)- (A14) 

From (A12) and (A13), ft5 can be seen at increasing 
fNa| as a competing process with V, in transferring the 
excitation energy from the a 3n state back to the 3P 
state, thereby reducing the effective forward excitation 
transfer rate ft,.   Eliminating this feedback factor in 
square brackets in (A12) and (A13), the quenching rates 
can be expressed as 

ft^ + ft^-w. - V^bja.* 1), (Al 5) 

A way to obtain the neglected terms in this approximate 
expression is to balance the initial number of excited 
3/' atoms with the sum of time-integrated collisional 
and radiative decays: 

i -1 (rv ft1 + ft4)fNa»(3/)) W/ -, y r^NaflA xZ)Mi 

+/"rjNa^fl'lDlrf/ 

.|rt,(iMft3*«4)r;.l|^.Kl 

+ {«.f i + («3 + ft^r;1! + ö.}«*»:1 • (Ai6) 

The exact expression for ftj + Z^ is thus 

ft,tft4 

Na 

(■•S)>-(-^) 
-r'[-::('*:i)^.]| 

1015-10"cm 

(A17) 

we have ujm. -0.1, ajam For 
^lO"', (r^/aJ-lSlO-2, andö./ft.S;0.4.   Hence (Al7) 
reduces to (Al5) with minor correction terms. 
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The effects of multiperturber interactions on the 
sodium-rare gas excimer bands'* 

W. P. West,1" P. Shuker, and Alan Gallagher0' 

Joint Insliluie for Laboratory Astrophysics. University of Colorado and Natwital Bureau of Standards. 
Boulder. Colorado HOSW 
(Received 6 October 1977) 

The extreme wing (600 < \ < 820 nm) of the sodium D lines perturbed b> xenon and krypton has been 
measured in fluorescence at perturber densilies between 2x10'" and 3> ID20 cm  J. At these perturber 
densities the observed fluorescence results mostly from the N»Xe*(NaKi*) molecule in the wavelength 
range of 600<X-r720 nm (600<X<680 nm) and from the NaXC]*(NaKr]*) molecule in the range 
740 ^ A ^ 820 nm (700 ^ A < 820 nm) The fluorescence emission coefficieni is obtained in normalized units, 
allowing quantitative comparison to theory   The quasistatic line broadening theory, including multiple- 
perturber interactions, is used to calculate the density dependence of the spectra which would result from 
Inmer potential surfaces given by scalarly additive pair interactums. This approximation explains some of 
the observatons. discrepancies between this model and the expehmental results are discussed. 

I.   INTRODUCTION 

The spectra of alkali metal ;itoms perturbed by rare 
gases (RG) has been the subject of many studies.   Such 
effects as the broadening,  shift, and satellite features 
of allowed lines1,2; collisionally induced absorption and 
emission14; and absorption from the ground state van 
der Waals molecule5 have been investigated.   Among the 
work reported from this laboratory are several studies 
of the extreme wing spectra of the alkali resonance lines 
perturbed by noble gases.6-10 These earlier studies of 
the excited state fluorescence were carried out at per- 
turber densities £ 1019 cm'3 and were interpreted in 
terms of diatomic excimer radiation.   Here we report 
an extension of this work for the Na(3P-3S) resonance 
lines perturbed by Xe and Kr at densities up to SxlO20 

cm"3, where the effects of multiple-perturber interac- 
tions or polyatomic molecules are observed.   These ex- 
perimental results are compared to calculated spectra 
which are obtained by incorporating multibody effects 
into the quasistatic line broadening theory. 

As shown in Fig, 1, the NaXe molecule' is an exci- 
mer, i.e., the NaXeA'2^ ground-state molecule is repul- 
sive, with only a weak van der Waals minimum at Urge 
internuclear separation.   The first excited state, A'n, 
which results from a combination of an excited Na(3P) 
atom and a Xe^.So) ground state atom,  is bound by - 1200 
cm"1, while at the temperatures of these experiments 
kT~ 300 cm"1.   The observed fluorescence spectrum 
from the /l2n state is a continuum resulting predomi- 
nantly from bound-free and free-free /i2n-V2S transi- 
tions and is shifted to the red side of the Na(3P)-Na(3S) 
resonance lines.   In addition to the ^2n state, the com- 
bination of a Na(3p) atom and a Xe(,.90) atom can result 
in a repulsive B2S excited state (not shown in Fig. 1) 

"Work supported in part by the Air Force Weapons Laboratory 
and in part by the Advanced Research Projects Agency of the 
Department of Defense, monitored by ONR under contract 
N00014-76-C-0123. 

"Present address: Physics Department,  University of Cali- 
fornia, Santa Barbara, CA 93106. 

c'Staff Member, Quantum Physics Division, National Bureau 
of Standards. 

which has a fluorescence continuum to the blue side of 
the resonance lines.   York el ah* have investigated the 
behavior of the sodium-rare gas fluorescence spectra 
at several rare gas densities fRG] in the range 10l* 
cm"3 ' rRGll 1019 cm"3 and have derived the interatomic 
potentials shown in Fig. 1.   That study, as well as the 
present one, is concerned with the excimer A-X band 
at lari^o frequency shifts (100 cm"1 or more) from the 
atomic transition frequency, where it Is essentially a 
molecular spectrum.   The data closer to the atomic 
lines are discussed in a separate publication.'' 

Since the AZU potential well is relatively shallow, at 
fRG]^ 10l* cm"3 an excited Na(3P) atom (Na*) has less 
than a 5% probability of radiating when a rare gas atom 
Is sufficiently close (within ~6 Ä) to cause a ^50 cm*1 

shift in the frequency of the resonance transition.   Thus 
if one assumes approximately equal Interactions between 
Na* and each RG atom the probability that a Na* atom 
will have two or more rare gas atoms within this range 
when it radiates is quite small (-2.5^ of 51).   This was 
utilized In Refs. 9 and 10 to study the NaXe excimer 

-400 -  V 

-BOO I-     b 

-. -1200 - 

0 j ^  
X.C'SQ)  ♦ Na(2p|/2i3/2) 0 

o 

Oo o o o 0   A2n 1/2,3/2 

No-Xe 

FIG. 1.   The potential curves of the NaXe JC2£ and .4 2il molec- 
ular states obtained from Ref. 9. 
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FIG. 2.   The measured normalized emission coefficient as a function of A/: at seveiwl rare gaa densities for (a) Na—Xe and (b) 
Na-Kr. 

molecule without significant interference from multiple 
Xe interactions.   However, in the present experiment 
the spectra are observed at 2 v 10ie cm"' < fRG]^ 3x 10*° 
cm"5 and the effects of polyatomic (NaXej) molecules 
become quite apparent.   The normalized spectra in the 
600-720 nm region shown m Fig. 2(a) which results 

predominately from the NaXe ,42n fluorescence, is 
weakened by the presence of additional Xe atoms 
close proximity to Na*, while NaXe2 fluorescence in the 
740-820 nm region of the spectrum increases with in- 
creasing [Xe].   These intensity variations can be ex- 
pressed in terms of \Xe] and fXef, but at fXelilO10 
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cm"3 evidence of still higher order fXef terms has been 
observed in the long wavelength region.    Figure 2(b) 
shows similar behavior for the sodium-krypton case. 

As is well known, the classical Franck-Condon prin- 
ciple (CFCP) or ihr equivalent quasistatic line broaden- 
ing theory describe the average intensity distribution in 
the far wings of perturbed resonance lines.   This theory 
combines the ütatislical distribution of perturber atoms 
around the radiating (or absorbing) atoms with the ap- 
proximation hv   V*{R) - \'{R) to predict the spec- 
trum,18""12"'4   friere V*(R) is the upper and VtR) the 
lower molecular adiabattc state potential. ]  In the pres- 
ent work the statistical distribution will include a signif- 
icant probability of one. two , and more perturber atoms 
being near the emitter (Na),  and therefore the potential 
surfaces of the N;iXen ground and excited states with « 
•2 must be known in order to predict the spectrum.   As 

noted above, previous intensity measurements9 have ob- 
tained the NaXe potential curves in the range of 3 to 5 
.A.   Smalley <•/ n/,5 have verified the accuracy of these 
potentials in the Na-Ar case using much more accurate 
bound-bound spectroscopy.   However, the present data 
do not provide sufficient information to determine the 
three-body potential surfaces, so we compare the mea- 
sured pressure dependent spectra to the prediction of 
the CFCP using assumed potentials.   We have tested the 
data against the simplest of polyatomic potentials, the 
additive pair interaction potential.   As discussed previ- 
ously by Margenau, " Jablonski, 18 and others, l7":!0 the 
effect of Na(RG)n on the far wing spectra can be approx- 
imately evaluated using the CFCP if the NaRG, poten- 
tials are assumed to be the sum of independent, scalarly 
additive multiple Na-RG and Na*-RG pair interactions. 
These theories are directed primarily toward the line 
shape in the quasistatic region but close to the atomic 
transition frequency, which is due to weak, long-range 
interactions.   Theories directed to the line core shape 
are discussed in Ref. 11, which reports our data in 
this spectral region.   In order to correct for far wing 
effects, to relate to the normalized fluorescence inten- 
sity units of these experiments and to more traditional 
molecular-spectra models,  and in preparation for intro- 
ducing the interactions between RG atoms, we derive 
equivalent expressions below.   We first obtain simple 
relations, equivalent to those in Ref. 17, between the 
measured low-pressure (diatomic) spectra and the poly- 
atomic spectra predicted by this simple model.   These 
theories ignore the RG-RG interactions,  so we next cal- 
culate the changes to be expected in the present problem 
due to this interaction.   As the various NaXen bands 
overlap and are observed as continua, there is no way 
to distinguish them experimentally.   We therefore re- 
express the theoretical results for intensity at each wave- 
length as a power series in [RG] for comparison to ex- 
periments.   Quantitative comparisons to the experimen- 
tal results are made, discrepancies are discussed in the 
light of the additive potential assumption, and correc- 
tions to this assumption are suggested. 

II.   THE EXPERIMENT 

A schematic of the apparatus is shown in Fig, 3.   The 
experimental methods have been described in Refs. 6- 
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F!G. Schematic of the apparatus. 

10, BO only a brief summary with emphasis on changes 
will be given. 

The experimental cell, which was machined from a 
solid stainless steel block and had four sapphire win- 
dows, contained a droplet of sodium metal and was con- 
nected to an external gas handling system.   For the data 
presented the temperature of the cell was maintained at 
453± 10CK,   The sodium vapor density (typically - 10u 

cm*') was low enough to avoid reabsorption of the fluo- 
rescence near the resonance energy, ^0 (radiation trap- 
ping).   Initially, the windows were sealea to the cell 
body with thin teflon gaskets; however, it was found that 
the sodium vapor reacted with the teflon, releasing gases 
that reacted with the Na vapor and thereby reduced the 
fluorescence signal.   The teflon gaskets were therefore 
replaced by commercially available silver-plated hol- 
low-metal O rings,  improving the performance.   At the 
high rare gas densities used in the present experiment, 
even the sma»t percentage of impurities introduced in 
the cell when noble gas was added was sufficient to tem- 
porarily decrease the sodium vapor density.   The hol- 
low metal O rings allowed the cell to be heated to 
~ 300 C, which was sufficient to overcome the impurity 
quenching of Na density.   The cell could then be cooled 
to the experimental temperature of 180 "C and suffi- 
cient vapor remained in the cell. 

In previously reported experiments with sodium,B10 

a commercial Na lamp providing typically 100 ßW/cmz 

of resonance light was used to excite the vapor in the 
cell.   However, at the noble gas pressures used in the 
present work, the absorption profile of the sodium vapor 
was shifted and broadened significantly compared to the 
unperturbed resonance energy.   This resulted in an in- 
sufficient population of excited sodium atoms in the cell, 
especially when coupled with the problem of obtaining a 
reasonable Na vapor pressure.   Therefore in order to ob- 
tain groater signals,  the resonance lamp was replaced 
with a ^w dye laser.   Using rhodamine 6G dye solution, 
the laser was operated at an output power of ■> 10 mW 
with a i)eam diameter of ~ 1 mm at the cell and a spec- 
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tr;il width of ~0.1 A, which was less than that of the 
pressure bmidenod absorption line.   In addition to in- 
crc.'sins the pump power and resultinp signal levels, 
tuning the laser a few A into the wings of the absorption 
lines allowed the observation of the Na(32r>

1/2ij/2) line 
center region without interference from instrumentally 
scattered laser radiation.   (Complete radiative redis- 
tribution occurs at our [RGl since the collisionally 
broadened linewidths greatly exceed the natural width.) 
The fluorescence spectra were measured with a double 
grating monochromator, which allowed measurement of 
wing intensities ;is low us 10"e of the resonance line in- 
tensity without leakage of the much stronger line fluores- 
cence.   The line wing intensities were measured with an 
instrumental resolution of ~ 1.5 nm.   In order to correct 
for any drift in the sodium vapor density or in dye laser 
frequency and power, the fluorescence in the far red 
wing of the resonance lines was monitored with a photo- 
multiplier that viewed the cell through a >  -600 nm 
transmitting filter (Fig. 3).   The relative response of 
the apparatus ;is ;i function of wavelength was measured 
using light from a calibrated tungsten filament lamp re- 
flected from a BaS04 surface in place of the cell.   A 
weak fluorescence from the sapphire windows was pres- 
sent, but was    5'" of the fluorescence signal for all re- 
ported data. 

The experiment measured a signal which, when cor- 
rected for the spectral sensitivity of the detection op- 
tics, we define as .SU').   This ,<?(/,■) is proportional to the 
intensity [(k) of fluorescence per unit frequency inter- 
val (cm"1).   We use the notation fr= 1/>, ho=l/>09 >o 

589.3 nm is the wavelength midway between the D lines, 
and A/,-= h- ho.   The results, both experimental and the- 
oretical, are presented as a normalized intensity /„(k) 

(1) 

which as shown in Sec. Ill and the Appendix is the spon- 
taneous emission intensity !(h) per [Naf 1 and per \RG], 
where fNa^l is the total density of NaO^/2 + 32P,/2) in 
all bound and free forms.   /(/,•) appears in the numera- 
tor and enominator of (1), so we replace it with S{h) to 
obtain [„{k) from the data.   Since bound and free forms 
of NaXen for all >/ radiate in the same wavelength region 
it is not possible to normalize to any particular portion 
of the Na^. radiation (e, g., to free Na*).   Thus a nor- 
malization to the integrated emission, as in Eq. (1), is 
the only practical form.   The minor (k0/h)* factor is in- 
cluded to give the physical meaning noted above to /*{£). 

Figures 2(a) and 2(b) show the measured Is(k) for 
sodium-xenon and sodium-krypton mixtures at several 
xenon and krypton densities.   The 600-700 nm (600-680 
nm) region Is dominated by the NaXe(NaKr)i42n-X 2E 
emission bands, while the 720-800 nm (690-720 nm) re- 
gion is predominately due to NaXe2(NaKr2).   The blue 
wing of the resonance lines (570-590 nm) Is due to the 
NaXo(NaKr )/i 2S-.V 2S band.   As noted above, the B- 
state potential was not determined by the measurements 
of Ref. 9, but from those measurements and from theo- 
retical calculations,2l It Is expected to be repulsive and 
produce the observed blue wing.   The !„{!?) measured 
for fRG]-2^ 1019 cm'' Is very similar In shape to that 

previously reported from this laboratory,7 but it is 
about 20^ (15'?) weaker for sodium-xenon (sodlum- 
krypdm) for > ^620 nm.   This discrepancy exceeds the 
combined uncertainties in the experiments by ~5%; its 
cause has not yet been determined. 

III.   THEORY 

A.  Qualitative discussion 

Bclore discussing the full theory and quantitative com- 
parisons to the data, we will note some simple physical 
arguments which qualitatively explain the observations. 
Previous experimental work has shown that at a fRG] of 
1010 rin'3, the A2U diatomic vibrational and rotational 
state distribution Is very nearly in thermal equilibrium 
with Hie gas prior to emission.910 It is therefore ap- 
propriate to consider the equilibrium condition between 
the vnrious NaRG» excited state molecules when analyz- 
ing tlu> spectra.   The 600-800 nm regions in Figs. 2(a) 
and 2(b) are dominated by the diatomic A-X bands and 
are n'latlvely flat and featureless.   As fRG] is Increased 
the normalized Intensity /^(/t) In the diatomic bands de- 
creases primarily due to depletion of free Na*, where 
"free ' means without an RG closer than ~6 Ä.   More 
specmcally,  if we consider only the dominant effect of 
binary Na-RG Interactions,  fNa;)- |Na♦ ] + [NaRG• ] with 
rNaRG*]=A'irNa*lfRGl and Ki is the equilibrium con- 
stant.   Thus In the spectral region dominated by the di- 
atom u; A-X band 

/„(*) " rik) A'1[Na*][,RG]Pi(») 
fRGlfNa*] "" rRGliNa'l+A-jNa'irRGn 

KiPiih) 
"rr^iRGi • (2) 

Here !\{k), with fPi(k)dk=l, represents the normal- 
ized NaRG* -NaRG Intensity distribution due to free and 
bound NaRG* molecules, Ki refers to all Na*-RG at 
separations less than a separation R0~-& Ä, and [Na*] 
refers to all Na(3r) without any RG closer than R0.  (As 
discussed In the Appendix, General Model section, this 
somewhat unusual definition of an equilibrium constant 
is necessary due to the indistingulshablllty of bound- 
and free-state emission.)   At small [RG], A'jRG]«! 
and ls{k) is approximately Independent of [RG].   At the 
largest [Xe] of these experiments A'JXe]^! so that IN(k) 
decreases by about a factor of 2.   For the Kr case, 
Ai[Kr]*0. 5 at the highest [Kr],   This decrease in Ts(k) 
is panly compensated for by Na(RG)n* radiation In the 
same spectral region. 

Considering next the > ^720 nm regions of Fig. 2, 
these .ire dominated by the Na(RG)2 exclmer bands. 
Thus 

/*(*) 
Hk) A-2[Na*][RG]2a(fe) 

(RGITNMT    [ÄGlflNa* 1 ♦ ür,[Na*] [BO]} 

y2fRG]P2(fe) 
l + A'jRG]     ' 

(3) 

where K, and Pz(k) refer to excited NaRG, with both RG 
at Ä-. 6 A.   At small [RG] where /fjRG] - 1 this IK{k) 
rises linearly with [RG].   At the higher [RG] this NaRG| 
-NaRG2 intensity rises less rapidly than linearly, again 
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due to tho decreasing number of free Na* (those without 
an RG atom within "6 A),   The theory which follows ex- 
plains these terms in more detail,  gives more exact ex- 
pressions,  and allows quantitative comparisons to the 
data. 

B.   Theory for additive Na-RG pair interactions 

As noted in Sec, III. A. weassume an equilibrated dis- 
tribution of vibrational and rotational states within each 
NaXe*, and equilibrium relations between the densities 
of different molecules.   We will summarize here the 
results of the theory given in the Appendix,   The nor- 
malized spectrum lH(h) is expressed as a    'm of NaXe* 
• NaXe, band intensities in (A4), which we repeat here 
(with RG-Xe): 

^•^r^wS^6"1^' (4) 

where P„(h) is tho normalized probability of NaXe* 
emmision at k- k + rtk and NaJ;, defined by (Al), is the 
total concentration of excited Na* in all bound and free 
forms.   For additive Na*-Xe and Na-Xe interactions 
and independent Xe atoms (no Xe-Xe interactions),  Eq. 
(All) yields 

[NaXe;!- [Na^lfl-«"»^1 AlfXer/«! , (5) 

where A'I is the probability that any particular Xe atom 
may be inside a cutoff separation R0~ 6 A (i.e., it is 
the NaXe* equilibrium constant of the previous section). 
From the CFCP and the additive-pair-interaction as- 
sumption, the probability of NaXe*-NaXen radiation at 
k is determined by the various Na*-Xe pair separations 
Ri according to [see (A13) and (Al?)]: 

A*«AJKä, ^) = 2] ^«() . (6) 

where A^Äj) - ^(^j) - fro is the frequency shift due to the 
ith pair interaction only, given by 

lick{Ri) = Vf{ni)-V{Ri) , (7) 

with Vf{R) the NaXe* (; = ,4 2n or B2^) potential and 
ViRi) the NaXe(X *?.) potential (the form of the poly- 
atomic potentials and the assumed scalar additivity will 
be discussed later).   As in (A19) the probability of Afr 
in (6) is thus the product of single-perturber probabili- 
ties p^ikkj), or TV/?,) with ff^RfAfr,.), integrated over 
all combinations of Afr, that satisfy (6).   Thus (A19) and 
(5) in (4) yield fs(h) predicted by this model: 

»1    4n     «i 

•f '/frrMPi(Afr1)---P,(a*-X>*(). 

(8) 

Since only perturbers at R •- /?„ arc included in (8), only 
Afr, corresponding to R ■- R0 are included in the integrals. 
This is indicated by the symbol !'.   Thus t'dkj is from 
fr. = - or to k. and k. to «, where fr. and k. are on either 
side of the resonance line and correspond to fr(Äo) • 

The equivalence of this molecular picture to the Pois- 
son distribution is noted in the Appendix.   Equation (8) 

is apn scriptionforcalculating ls(k} from known Na*- 
Xe an>l Na-Xe interaction potentials, as these are used 
in (A8) and (A15) to calculate A', and P^Afr,),   Some of 
these potentials are known in some R regions from Refs. 
3 and 0; this information could be combined with calcu- 
lated potentials21 to estimate the potentials at all R and 
then to evaluate (8),   However, slight inaccuracies in 
these potentials would prevent the resulting /^(jt?) from 
agreeing with the measurements even at low [RG].   It is 
much more direct to express ^(Afr) and Ki directly in 
termp of I^ik), the l^k) measured at low [Xe], as is 
done in (A20) and (A22).   Then /v(fc) at all |Xe) is given 
in (A21) as: 

Uh) WT(*- kQ) + \Xe]ll(k) 
V [Xe] 
fa   n\ 

/°(AM.../°(A*-£ A*.()J   . 
(9) 

Here the first term is due to free Na*, which in the 
model radiates at fr0.   The second, NaXe* term 
exp(- /'JXe])/"^) is the probability of finding one Xe 
atom :it an Rs R0 that yields k, with all other Xe at R 
s/?o«   Similarly the uth term is the probability of n Xe 
atoms at R* RQ positions that yield a net shift Afr, with 
all othor Xe at ß > Ra.   Note that the contribution of each 
NaXe, spectrum is attenuated by the exp(- A', |Xej) fac- 
tor, which represents the depletion of free Na*.   The 
term 1 +A'ifRG] in the denominator of (2) and (3) is an 
approximation to this which corresponds to including 
only Ihe depletion of |Na*] due to [NaXe*] and ignoring 
the dcpletiond due to Na*Xen, «2-2. 

For comparison to the data and conceptua" purposes 
it is convenient to re-express (8) as a power series in 
[Xe] by expanding exp(- ATjXe]); 

/A(A*) =(Ä)4|lx^r +*'iPi('1*)+^fXe]fp*(**)/2! 

-P1(Afr)]+A:J[Xe]2[p,(Afr)/3!-P2(AJIf)/2! 

+ P1(A*)/2l+. I (8') 

The equivalent expansion of (9) is obtained by taking in 
(8) P„(Afr)=8(fe-it0), Pl(Afr)=/^(Afe), andPn(Afr) from 
(Al»'). 

The size of the equilibrium constant Ki, which is de- 
termined by R0 or the integration cutoffs fr4, determines 
the relative magnitude of the terms in (8), (8'), and 
(9).   As fr. and k. are moved closer to fro, /?o encom- 
passes perturbers at larger internuclear separation and 
the relative magnitude of the higher order [Xe]" terms 
is increased.   If all terms are included in the sum over 
n in (8) or (9), the resulting far wing intensities are 
almost independent of Ki, but in the present work the n 
> 2 terms have not been calculated and are not included 
in our /^(fr), i. e., only the NaXe and NaXej spectra are 
included.   The effect of changing K\ or fr. and fr. in our 
calculation is shown in Figs. 4 and 5.   It can be seen 
that changing Ki does not significantly affect the calcu- 
lated spectra in the diatomic emission band region. This 
results from the fact that the coefficient of the [Xe] 
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in 
CM 

'O   ^ 

z 3 

, K, > 2 7 xlO'21 cm3 

K, =  3 I «I0'21 cm3 

Ak = -1600 cm'1 

j  

Xe  DENSITY   (I020 cm-3) 

KIU, 4.   The calculatftl normalised emmlulon ooeffloient as 
a functiün of IXel at two values of A, in the spectral rt'gion 
whore tht diatomic emission dominates. Theo are for A', 

10--'1 cm 
u",'w — ■».. — -.. .     ...~  -    —-       .., 

i3, t,    72 cm-', and k.   47 cm"'; the o are for 
A,    3.1 > lO'21 cm3. A',   69 cm"1, and *.^ 34 cm-1. 

term in (8'), which is the most important term in this 
region of the spectra,  is the difference of two terms 
which both increase as A"] is increased.   In the triatomic 
(NaXe2) band region of large, negative A^, the P^A/,') 
terms in (8') are zero.   Thus, as we have not included 
Pj(AA'), our calculation reduces to 

.3 

M*) ■(tr 2! 
f[XelP2(Ai(.)-rXe]%P2(Afr)} , 

(A*«0) . (10) 

Here P2(A^) is independent of fc. and k. since these large 

O 2 

1 

Ak = -4400cm 

x X 
0 12 3 

Xe  DENSITY   (I020 cm-3) 

FIG, 5, The calculated normalized emission coefficient as a 
function of [Xe I at two values of KK (o and a same as Fig, 4) 
In the spectral region where the triatomic emission dominates. 

FIG. (>.   Diagram of the NaRGs molecule useful in describing 
the additive potential. 

iAfei only come from large \Ck.k\\ and large ld/f2i 
= \M;-&k\\ contributions to the integral in (9) or 
(A18'), Ina more complete calculation the 1 -A'JXeJ de- 
pend( nceon^. and ik. In (10) would be partly compensated 
bythr inclusion of P3(A*)and higher n terms, as these ra- 
diate |)artly in the region of the NaXej band. Thus there is 
som«1 ambiguity to the theoretical intensity in this Afr 
region.   It should be noted that unusually large choices 
for I/,-.- A>ol or \h.- ko I (small A', and R0) would mini- 
mize the effect of these n '■■ 3 terms, but it also can dis- 
tort the predicted spectra, since perturbers at mternu- 
clear separations larger than R0 would then cause a sig- 
nificant A fr(>  although in the model these contributions 
to the total &k are ignored. 

C.   Interactions between perturbers 

In the above derivation of Pz(&k), the interaction 
Vj(ß) between perturbers was ignored.   However, the 
Na-RG separation at the minimum of the >4an potential 
well, where the diatomic radiation is strong, is ~3.3 
Ä, while the RG-RG interaction becomes strongly re- 
pulsive at ~ 3 A.   Thus we expect considerable effects 
due to the RG-RG interactions.   This effect could be in- 
cluded as an additional exp(- Kj/feT) Boltzmann factor 
in the integi and of the » = 2 term of (8), where the Na*- 
RG Boltzmann factors are already included in the P^kj) 
and/'[(A^).   However, ss *r considerably exceeds the 
RG-RG van der Waals binding energy, we will approxi- 
mate the RG-RG interaction as a hard-sphere repulsion. 
This is then included in the calculation of P2(J?) by re- 
quiring that the noble gas-noble gas separation iR3 in 
Fig. G) must be greater than the hard sphere radius /^ 
which has been estimated from noble gas dimer ground 
state potential curves previously derived from experi- 
mental data.**-" Since the Na-RG separations fl^Afc,) 
and /^(A ?2) (see Fig. 6) can be determined using the 
potential curves of Ycrk et a!,,   the minimum angle 
*■(*!. Rz) or SjA^, A*?) which yields fl,»fl, for 9>em 

can be calculated from the law of cosines 

cos(L Rl+Rl- R 
2RiRz 

(11) 

If the expression on the right is £ 1, then I /?! - Ä, I > Rk 

and 9m is zero; if the expression is =? - 1, then I ft, + fi, I 
<Rh and 9„ is 180°. 

The ratio F of the available volume to the volume for 
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Rh   0, for the Pi,  Rz combination, can be shown to be 
given by 

F=|(ltC08O   . (12) 

and the Integrand of the »- 2 term in (8) or (9) can be 
multiplied by this fraction.   This correction is signifi- 
cant only for large negative bk, where both A, and Ä2 

are near or less than the /l2n potential minimum (~3 
%).   This correction also changes ^(«^2) in (A7),  but 
this is a minor correction and has been ignored. 

The appropriate value for 7?,, can be reasonably brack- 
eted between two extremes, assuming the Xe-Xe inter- 
action potentials of Rcfs. 14 and 15 are correct.   An up- 
per limit of /?„   3.7 A can be obtained from the condi- 
tion V(ft»)    2kT.  since the Boltzmann density factor 
exp[- V(R) fkT] is very small at smaller separations. 
A lower limit of 2.8 A is obtained if one attempts to 
roughly include the effect of the van der Waals attrac- 
tion in the 4-6 % region of separation, which increases 
the number of Xe pairs in this range of separation.   This 
value of /?,, comes from equating the excluded area under 
the hard-sphere Boltzmann density factor to that under 
the actual V(R). 

(13) 

where R, is some large value of R such that V{RL) =r0. 

0.   Statistic»! weights of the traiatomic molecules 

The triatomic molecular "states" resulting from the 
additive potential model may be thought of as the sum of 
two Na^-Rp diatomic states; each of these diatomic 
states may be a ^ or 11 state.   Since the E state emits 
only in the blue wing of the /°.(fc) spectrum and the P 
state emits only in the red wing, the ti = 2 integral in (9) 
can be divided into four different contributions; (1) when 
both M'! and Ah~ ^ki are in the red wing, both VjiRx) 
and VjiRz) are ;= .12n potentials; (2) when A^ is In the 
red wing and A/,-- ^ is in the blue wing,  Vjiki) is an 
A211 potential and T^{/?2) is a B2S potential; (3) V/Rj.) 
is an A2U potential and V,{Ri) is a B2S potential; and 
(4) VjiRi) and V^Pf) are B2r. potentials.   These com- 
binations may be interpreted as four "states" of the tri- 
atomic molecule.   The f^ih) obtained from the low-pres- 
sure spectrum contain intrinsically a statistical weight 
ratio Xj/c, [see (A9) 1 where g, is the statistical weight 
of excited molecular states and ?, is the statistical 
weight of the adiabatically connected atomic states.   In 
the present case e/^ßj .?i =4 for the -42n1/2 and A2nan 

diatomic states responsible for the diatomic red wing, 
while i,', = 2 for the PZT, diatomic state.   The four possi- 
ble combinations of diatomic states listed above yield 
effective statistical weight ratios ^Vjr, for the triatomic 
states, from ^(A'),  given by the product of the^,/^, 
values for each pair of diatomic states:    (1) for the fl 
+ n state ,tr;/^ = (2/'3)(2/3)= 4/9; (2) for the n + s state 
/?;/>, = (2/3)(l/3) --2/9; (3) for the S til state g',//;, 
= 2/9; and (4) for the S + S state ff',/gf = 1 /9.   It is clear 
that these statistical weight ratios are unrealistic,  since 
the statistical weight of the separated atoms, gfl is 6 
and the statistical weights <•. of the triatomic molecular 
states must be given by an integer. 

FIG. ,. Electron density distribution of the 1Bi statt of NuKC 
for an :irbUrary angle between RG atoms (using t^ "onvention 
as in lief. 24). 

Building up the triatomic molecule from the separated 
atomic states, neglecting the Na(3P) fine structure, 
yields only three states,24 2/ll, 

2B1, and 2B2, which have 
statistical weights of 2; thus for each of the three tri- 
atomic states, g'j/iif^l/S. 

The electron configuration of the H-Fl additive poten- 
tial st.ie is shown in Fig. 7.   Since the alkali electron 
is perpendicular to the pl?ne of Xe~Na*-Xe, it has si- 
multaneous n character for both Na»-Xe interactions. 
This c mfiguration has the same symmetry as the 2B1 

state nid the resulting V*{RUPZ, /?j) should be similar 
to that of the 2Bl state.   Thus the statistical factor 4 fi 
from the additive-potential model should more appropri- 
ately be 1/3.   The other two additive-potential model 
combinations (fl-S and T.-T.) have no corresponding 
symmetry relations to the correct 2A1 and 2B2 states; 
and doubtless give poor representations of V*{Ri, Ba, Bj). 
As they only contribute NaXe2 intensity in the spectral 
region dominated by NaXe radiation, the inaccuracy of 
the resulting predictions for [N{!?) are not noticeable. 
It is not known if the actual zAi or 2B2 states contribute 
significantly to I^.ik) in the triatomic (> >720 nm) re- 
gion, but it appears unlikely based on electron-orbital 
pictures. 

IV.  COMPARISONS 

Equation (9), up to and including »= 2 terms, has been 
evaluated for a number of Kr and Xe densities, using 
/"(*)=/v«-) for [RG] = 2> 10" cm"3.   For Xe values 
of *,=/,•„+ 70 cm'', A-. = fe0-50 cm"1 were used, from 
which A1 = 2.7xl0"21 cms and for Kr ^ = ^o+ 60 cm"1, 
/,•.-*o-30 cm"1 and A-! = 1.7* 10"21 cm*.   The choice of 
i.\ and ;•. is somewhat arbitrary, however as dircussed 
above values too far from ^0 can distort the polyatomic 
molecular spectra leading to erroneous values for Igik), 
and values too near fc0 lead to a slow convergence of Eq. 
(9).   These calculated r^k) are given in Figs. 8(a) and 
8(b); it can be seen t!iat they are quite similar to the 
measured /Jyr(<') In Fig. 2.   In Figs. 9 and 10 the mea- 
sured and calculated [„(k) are plotted against noble gas 
density at a single k.   In Fig. 9,  the k values are near 
the center of the diatomic band region.   The good agree- 
ment \y characteristic of all h values in this region. As 
diecussdd in the theory section, the major pressure de- 
pendence here is the decrease in the normalized inten- 
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FIG. 8,   The calculated normalized emission aa a function of A* at several rare gas densities for (a) sodium xenon, Ä, -2.7 
^lO'^cm3. R„=2.S A, and (b) sodium-krypton, Ä, =1.7* lO'21 cn^, ft^a.uA, The curves labeled "Input" are the binary spec- 
trum, /J(*) of Kq.  (9). 

sity due to the decreasing [Na*].   In this region of the 
spectrum, the calculation is not strongly dependent on 
the assumptions made concerning:   (1) the transition 
probability A{k), and (2) the potential surfaces V*(Äi, 

Rz, Rt) wä PICäII R», Ä»). I" addition the three-body 
term, which represent about 20% of the total /„(fc) in 
this wavelength region at [Xe] = 2x lo" cm*', results 
mostly from one xenon atom near the potential minimum 
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of the 42n state and the other xenon atom at a much 
larger distance from the excited sodium atom.   In such 
a confiRuration, the additive potential might be expected 
to be a good approximation for the triatomic molecule. 

At \ s680 nm for Kr and 700 nm for Xe, the diatomic 
spectrum drops quickly, and :it perturber densities of 
• ID20 cm"3, the triatomic emission bands dominate. 
Figure 10 shows the results (labeled initial calculation) 
for both Na-Xe and Na-Kr in this k region.   The emis- 
sion in this x v 700 nm region is due,  for the most part, 
to the excited triatomic molefales in a configuration 
such that both perturber atoms are relatively close to 
the excited sodium atom, and the additive potential is 
not expected to be reliable under these conditions.   Thus 
the discrepancies between the calculated and observed 
intensities are not surprising. 

As noted in Sec. III.D, a possible correction to the 
calculated intensity in the triatomic emission band re- 
gion results from the fact that the additive potential 
model leads to a 2\i-iV or 2Pi-state contribution of in- 
correct statistical weight.   The dashed line in Fig. 10 
is the original calculation multiplied by 3/4 to allow for 
such a change in statistical weight.   This improves the 
fit to the Na-Xe data,  although the calculation is still 
somewhat higher than the data.   In the case of Na-Kr, 
the statistical-weight corrected results in Fig. 10 are 
in better agreement with the experimental /v at the lower 
densities studied; howeverthedataincreaselinearlywith 
density, whereas the calculated density dependence shows 
negative curvature.   This curvature, also observable 
in the Na-Xe calculated curves in Fig,  10,  is due to the 
exp(-A'JJ'e]) factor in Eq. (16).   Inclusion of higher 
order terms {NaXen with >i N2), which have been left out 
of the calculation, may be important in this region of 
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FIG. 9.   The calculated and measured normalized emission as 
a function of rare ga.a density in a spectral region where the 
diatomic emission domina'^s. The upper curve and expen- 
mental points are for sodi im-xenon at -i* - -1600 cm'1 and 
the lower curve and points are for sodium-krjr.ton at M 
-1240 cm'1. iil and l{H have the same value as in rig. 8. 

0 l 2 

NOBLE GAS  DENSITY   ilO20 

KIG.  In,   The calculated and measured normalized emission 
as a function of rare gas density In a spectral region where 
the triniomic emission dominates. The upper curves and 
points ire for sodium—xenon at A* - —4400 cm"1 and the lower 
curve» ind points are for sodium-krypton at A* --3160 cm"1. 
The solid c irves are as initially calculated and the dashed 
curves included the statisticul weight correction (i. e.,  i3/4), 
A', anil W, h; ve the same values as in Fig. 8. 

the spect'a at densities above 1020 cm'3.   These terms 
would increase the calculated l^ik) at densities ilO20 

cm'3, and therefore decrease the negative curvature of 
the lines in Fig. 10. 

The effects of the rare gas-rare gas interaction on 
the calculated spectra are shown in Figs. 11 and 12.   In 
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FIG. 11.   The calculated normalized emission as a function of 
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and3.V \, at AA =-1600 cm'1. Ä. =2. 
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I 2 3 

Xe DENSITY   (I020 cm'3) 

FIG.  11.   Sat«u as Fig. 11 at ^   -4400 cm**. 

each fipuro, the normalized intensity /v is plotted for 
Rh = 0 ;;.iid for the two hard-sphere radii from Sec. III.C: 
ff„ = 2. 8 Ä. which is the value that attempts to include 
the effect of the van der Waals attractions between Xe 
atoms,  ^».iid /?,, - 3. 7 Ä, which is simply a separation in- 
sidt- of which the two Xe atoms rarely penetrate.   In the 
wavelength region around '  •-- 1600 cm"1 the NaXe* 
specira dominate,  so that        ;alculated spectra are not 
strongly dependent on the Pz{k') terms in (8') that de- 
pend on Rh; thus the /?„ term has only a small effect in 
Fig.  11.   However,  at A*= - 4400 cm'1 the NaXe2 terms 
dominate, as g?ven by (10).   Therefore, as seen in Fig. 
12,  these calculated spectra are more sensitive to the 
rare gas-rare gas interaction. 
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V.   ABSORPTION AND STIMULATED EMISSION 
COEFFICIENTS 

The additive potential model yields results of suffi- 
cient accuracy to be useful in predicting absorption and 
stimulated emission coefficients for other gases, for 
which only low [RG] spectra are available.   For exam- 
ple, conditions proposed for high power operation of the 
lithium-xenon excimer laser system25,2* are a lithium 
density [Lil of 1017 cm"' at a temperature of 1180 K, a 
lithium excitation fraction of [Li*] = 0. OSfLi] and a xenon 
density of 2 v lO'0 cm*3.   The normalized emission coef- 
ficient /v(^) has not been measured at such high pres-, 
sure conditions, but an estimate, including polyatomic 
interactions, would be of interest.   Previous data by 
Scheps et al,8 taken at a lower temperature of 670 K 
may be used to determine /°(£) at 1180 K at xenon den- 
sities of -101' cm'.   From Eqs. (A15) and (A20) it can 
be shown that 

;J(*)r-/5K*)r#«tp[(ft-/')AV»(»)] , (14) 
where /°(fc)rc denotes the measured I%{k), defined in 
(9), at the experimental temperature Tt, (rl = kT, and 
Ar*(;,) is the LiXe excited state potential at internuclear 
separation R(k).   Using (9) this LiXe I0

s(k)T may then 
be used to calculate the complete Is(k) including multi- 
body interactions at the larger Xe densities of interest 
for high-power excimer lasers.   As shown in Refs. 8 
and 25 the absorption coefficient Kv and the stimulated 
emission coefficient^ are given in terms of IK(k) by 

/w^MLiiM'tfr1 ^ - «*>[+ welk], (is) 

and 

^-/v(*)rXe][Li*][8Tr*Vj 
zv i Aokc 

(16) 

where r is the speed of light and A0 is the unperturbed 
atomic transition rate.   Calculations of K¥ and g¥ as a 
function of wavelength for the given conditions are 
shown in Fig. 13, while Fig.  14 shows these coefficients 
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as functions of Xe density at x - 950 nm.   More detailed 
discussions of the potential behavior of this medium can 
be found in Refs, 25 and 26.    Equations (15) and (16) 
can Mso bo dirocily ;ipplied to the /„(/,•) measured nt 
high densities; however, the temperature correction 
piven by Eq. (14) applies only to equilibrated diatomic 
spectra,  typically that measured at densities near 1018 

cm''; the high density data cannot easily be corrected 
for chanpes in temperature, 

VI.  CONCLL'SIONS 

The additive potential model for multiple-perturber 
interactions or polyatomic molecules, which is used in 
many situations involving a high density of weakly-bound 
particles, has been shown to give a simple and useful 
picture of the extreme wing of the press re-broadencd 
sodium f) lines at rare gas densities in the range of 1020 

cm"3.   When this model of the molecular interactions is 
used with the quasistatic line broadening theory, as dis- 
cussed previously in the literature,15_''0 the measured 
pressure dependence of the normalized fluorescence in- 
tensity can be given a simple interpretation.   Overall, 
a respectable quantitative agreement is obtained between 
ihe predictions of this simple model and the measure- 
ments, particularly when RG-RG interactions are in- 
cluded. 

This model has been extended here by the addition of 
two corrections.   (This level of detail appears justified 
here since this is the first quantitative intensity data for 
a range of perturber densities that include both low and 
high density,)   The interaction between the rare gas per- 
turber atoms has been approximated as a hard-sphere 
potential and included in the model.   Possible scaling 
corrections due to the statistical weights of the triatomic 
molecular s tales have been included in the wavelength 
region dominated by triatomic emission. 

Discrepancies between the calculated and measured 
Is(k) do however indicate the inadequacy of the simple 
model in predicting accurate quantitative results.   The 
inadequancy is twofold:   (1) the scalarly additive poten- 
tial is an inadequate representation of these polyatomic 
molecules; it not only leads to states of unrealistic sta- 
tistical weights, but the additivity is severely question- 
able when more than one perturber is close to the ex- 
cited sodium atom; and (2) as the perturber density is 
increased beyond itf0 cm'3, the effects of NaXen mole- 
cules with »^»3 become significant.   These effects are 
not included in the present calculations as they are more 
difficult to calculate; even when the additive potential is 
assumed for the molecules the integrals become some- 
what cumbersome. 
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APPENDIX:   THEORY OF/^W PRESSURE 
DEPENDENCE 

General model 

The total density of excited-state species fNaf ] as- 
sociated with the Na'OP) configuration) is given jy 

frJafl-fNa*]* fNtXe»]+fNaXefl+ ... 

'£ FNaXe;] (Al) 

where fNa*] is the density of free excited sodium atoms, 
fNaXe-] the density of excited diatomic molecules, etc. 
If each excited molecular specie NaXe*, with a thermal 
population distribution, emits an intensity «„(fr) in *-* 
+ (lk then from (Al) the total intensity emitted per unit 
volume [/{A")! Is 

[/(/.•)! = £ [NaXcfKU '.■) (A2) 

The intensity .•)„ (k) of NaXe* emission at k Is the prod- 
uct ol l/ck time the spontaneous emission rate 1%«?) 
times the probability Pn(h) of being In a configuration 
that emits at k.   \PjlA Includes branching ratios from 
a single state and !Pn{k)dk= 1. ]  Then If the transition 
moment Is constant, r„(k) - r^k/ko)*, 

ii„{h)=l'rkor0(k/k0)
iP„(k)  . (A3) 

From (1), (Al), (A2), and (A3) 

MM L'.pfNtftL*]^»)  
'*Kh' -rXel^ofNaXe;]/i^HV*)4^ 

-mm]tj***:M) 
and 

[Na|]-J /(*)(*o/*)*rf* • 

(A4) 

{A4') 

Equation (A4') results from the assumed constant dl- 
pole transition moment, and applies to all bound-bound, 
bound-free, aad free-free radiation, i.e.. Its validity 
Is not limited by that of the classical Franck-Condon 
principle used here to obtain it. 

The traditional meaning of NaXe* Is a bound molecule, 
that of Na* Is a free atom, and the equilibrium constant 
fC„ normally refers to equilibrium for the reaction 
NaXe*., + 2Xe «* NaXe* + Xe between bound molecules. 
In the present problem the bound NaXe,,* radiate a con- 
tinuum plus a large number of closely-spaced lines that 
are observed as part of the total continuum, I.e., the 
bound-molecule emission is not distinguishable.   Fur- 
thermore, according to the CFCP the frequency radiated 
by the Ma* - Na transition only depends on the distances 
R, between the Na* atom and all Xe atoms; It does not 
matter If any or all of these Xe are bound to the Na* 
atom.   Consequently, we define a "molecule" In terms 
of the distances R between the Na* and the Individual Xe 
atoms:   All Xe at /?< fi0 from a Na* are considered part 
of a NaXe* "molecule" and all at Ä > /?0 are free atoms. 
Thus a NaXe* "molecule" has n Xe atoms Inside ÄQ, any 
number of which may be bound or free.   The NaXe^ 
spontaneous emission spectrum then refers to the Na* 



-Na transition in the presence of )/ Xc atoms at R< R0. 
Since the spectrum will be described in terms of the 
sum of these NaXe*-NdXc,, spectra and Xe atoms at R 
v fl0 are not included in the "molecule, " this model ig- 
nores the energy shift due to all Xc at R   Ha.   That this 
ignored energy shift is bounded and small results from 
the fact that for large R the perturbation energy due to 
a single Xe atom varies as R'a while the number of Xo 
at R~R+ilR is proportional to R2 and their interactions 
are roughly additive. 

The separation R„ is chosen to be a distance which 
produces a significanl shift in the Na*-Na transition 
frequency.   In the present problem wo are concerned 
with total frequency shifts of 100-3200 cm"1, due pri- 
marily to one or two RG atoms near the Na*.   Thus R0 

is typically chosen to correspond to a frequency shift 
-50 cm"1,   (This choice very well satisfies the condi- 
tion given by Roycr, '7 that Rn must be less than the 
Weisskopf radius.)   Note that once the free states are 
included in the '■molecule, " for any fXo! the density of 
molecules of each NaXe* form depends on the choice of 
/?0.   In order to minimize the computational effort we 
would like to use a small R0 so that the NaXe* with 
small */ values predominate and only their spectra need 
be considered.   If R0 is too small,  however, significant 
perturbations by other Xe atoms are incorrectly ig- 
nored.   A second criteria for validity of this model is 
the validity of the CFCP.   At large R, or small fre- 
quency shifts,  the CFCP breaks down due to:   (1) non- 
adiabatic mixing of nearly-degenerate adiabatic states 
by the finite interatomic velocity; and (2) impact broad- 
ening effects.   This is not considered a serious problem 
at the R0 chosen for analysis of the present very large 
frequency shifts. 

Royer" has shown that the effects of the long-range 
interactions can be included by convoluting the calculated 
wing shape with the line core intensity distribution, 
Tc{k), where /,.(/,>) is normalized such that Uc(b)dk= 1. 
This additional convolution has the effect of broadening 
and shifting any sharp features in the wing just as the 
line core is broadened and shifted from the unperturbed 
resonance line.   However, there are no such features 
in the present spectra; this additional broadening has a 
negligible effect and is neglected here. 

Additive pair-potential model with independent 
perturbers 

In this model we assume that the adiabatic molecular 
potential energy V(RU ,.., RN) is the sum of Na*-Xe or 
Na-Xe pair interaction energies Ar(/?,.) = ViR, ) - r(«'). 
For the triatomic case in Fig. 6 this becomes: 

V{RU Rz, R3)    A^fl,) f AF(Ä2) 4 AK(ff,) + Vi», «, •)   , 

ViRuR,, /?3)yU2 = Ar*(Äl)n + A^(ff2)i2 (A5) 

+ AK(/&) + V*(«,« «^  , 

where the subscripts ;, = 1 or 2 on V*{R) indicate that 
each Na*-RG pair may interact on one of two different 
potentials M2n or B2S).   For later use, we have inir 
eluded the RG-RGinteraction AViRjiniAS).    However, 
as in the normal applications of this model,'"" we as- 

sume  n this section that the RG atoms act independently; 
this is equivalent to taking bVtRj) ^0 in (A5). 

As  iQted in the text, we have assumed an equilibrium 
distrniution of vibrational and rotation states, and that 
[NaXi-.J and [NaXe*] are in equilibrium, so that 

Ni*«£l .      rXel 

where 

(A6) 

K 'Zn.y 
=\\/(n-\)\]Zx(Rl)Zl{int)"'lx(RH.l)

m H   ' 

(A7) 
Here 7, is the total partition function for NaXe*, Zl(Ri) 
is that for the rth Na*-Xe pair, and Z^R,) =KU the di- 
atomic NaXe* equilibrium constant. Equation (A7) fol- 
lows Irom the assumption that each Na*-Xe interaction 
is independent and equal to that for diatomic NaXe*. In 
a normal bound-molecule picture 

A",     E    Or/tfJ/r/'expl-^r',./',;)} 

refers to a sum over the bound states v, J1, and adia- 
batic states /, with /3= 1/hT, and fflf and g^ are the sta- 
tistical weights of the molecular adiabatic states and the 
adiabalically connected atomic states, respectively.  In 
the present case where a NaXe* "molecule" has n Xe 
atoms at R ~- Ro trom the Na*, we can use the classical 
phase-space integral6: 

Kt   ^■^[""'l'Rexpl-ß^VfiR)} . (AS) 
j     Pa -'0 

This particularly simple form holds since the rf*P por- 
tion of the phase-space integral extends over nuclear 
momentum P- 0 to », to include all bound and free states 
at each R*- Ro.   This yields6 the normalized probability 
PiiH) of separation R: 

Pl(R),lsR-Y^ Pi(flMSß 
j 

j  Ki   "i 

which has been integrated in (A8) to yield A'p   From 
(Al), (A6), and(A7): 

fN; i?MNa*l|l+E ^ A-lfXej-'UfNa*)^!^*1 . 
(A10) 

Compai-ing (Al) and (AID): 

rNaXe*]=fNa*l^i^ = fNa^lr-"rx"^^   . 

(All) 
To summarize, from (A4) and (All) the normalized 
emission spectrum becomes 

^ tev nssTift   «'   p'{k) - (A12) 

Note that /fJXe] is the average number of Xe atoms 
inside R0 and according to the Poisson distribution 
exp(- KI\X*!\)K\\X.*Y/H\ is the probability of n and only 
n Xe atoms inside RQ.   The normalized spectrum 
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{k/kt)*PmHi) flue to these / Xe atoms will be (jiven below 
in terms of the product /',(/?i) />,(«,) • • ■ P^R,,) /n\ of 
single particle probabilitios P^R,) of finding each ;'th 
atom at separation R,.    Thus the entire result, which 
we have derived in terms of molecular densities, is 
identical to the Poisson distribution of independent-par- 
ticle probabilities (see also Ref.  17). 

We now utilize the CFCP to evaluate the.i.,!*) or P„(k) 
corresponding lo this model. *a(k)or P0(k) refer', to the 
"free" Na radiation, so thai /'„('.')   M* -/-'„) may be con- 
sidered aMunctioa, As the mudel will only be applied at 
/,• »/,„, ihisterm tn(A17)will normally he zero. To evalu- 
ate/',(/.•), note that the CFCP predicts the internuclear ki- 
netic energy and separation do not change during an 
electronic transition; thus the photon energy radiated 
by a diatomic molecule at separation R in state / is given 
by 

hdr r*(/?)- i'(/?) (AI3) 

This defines the relation iAR)l or R{k),, and the prob- 
ability of emitting k — /,• +A '■ is then given by the proba- 
bility P\(R)j of being in adiabatic state / with separation 
R ~R + ffR.   In order to express PiiR), in (A9) as Piitij, 
(A13) yields «(<>), and ,l3R{l-)l = [l3Rib),/,//.■ \lk Thus 

(A14) 

and combining (Al4) and (A9) 

P,(*)   E   ^ ^—^ expj-^T-fM*)^ . (A15) 

Here ''/?/'//,> is normally written as iirR* f\dk/dR\ due 
to the iKicasional double-value character of Ri^j, 

For the NaXe2* case the CFCP yields 
;" ■■= vfuJRi' fy'*^ - r(/?»> "•• R^  • (A16) 

Combining (A5) and (A16): 

fcr(*-*o)={AK*(Ä,)-AK(Ä,)) 

*;/r(*,-*o)+Af(*,-*o) , (A17) 

when we have defined the frequency shift due to the /th 
Na*-Xe interaction at /?, as *-, -/(•„^A^,   Thus with A* 
- /.•-'„ (A17) simply states A^^A/t, + bkz, or that the total 
frequency shift is the sum of the two independent binary- 
Interactton shifts.   The probability that a single inde- 
pendent perturber causes a A/,-, shift is P^Afy ) given 
in (Al:)), so the probability of A^ and A*2 is 
Pi(A/. lPi(AA|),   All configurations which yield A^ + AJfei 
= A^ must be Integrated over, so that 

/MAfr) = j    AkxP^Uhx) P^A*- A^) (A18) 

J 

Equations (A17) and (A18) can be generalized to the NaXe„ case for which A/'= ^^ Afr,: 

»•I 

P„(A ',■)-] Aky, ■ ■ -j rlkn., ^(A h,) MA hz)... PJA <• - XI A^, j   . (A19) 

Equations (A18) and (A19) with P^',-) given by (A15) can be substituted into (A12) to obtain IK{k) corresponding to 
additive Na-RG interactions and the CFCP.   Note, however, that Pjfc) is given by (A15) only for /?-- ÄQ, and is 
zero for those /,• corresponding to R -- /?0.    From the CFCP.  ;..-£(/? i = Vf(R\ - \r(R); and for ; = B8^1/2 tils yields a 
lARo) on the blue wing which we label /,■..   For the i = Attli/tti/i case it yields /,(ff0) =k., a value on the red wing. 
Thus P,(*) is given by (A15) for k ' /•. and k<k^ and P^*) =0 for l.<k<kt.   (See Fig. 4.)   Royer17 has indicated 
that the Weisskopf frequency represents a good choice for/,•,.    However,  ir. the present problem, larger I ^-^i al- 
low an adequate description of the spectrum to be obtained using only two- and three-body spectra, whereas many 
more terms would otherwise be required. 

From (A12), in the k<k. and /,■ - /,•. regions where P0{k) ■■ 0, 

llik)'   Um   rs(h) = (-p\  KiPiih),   (/.■■/,■.,/,-/,•.) . (A20) 
rx.i-o v'o/ 

From (A18) and (A20) and P,(/,') = 0 for /,-.   k-k., 

where the primed integration extends from /,■   - «- to /,•. and from /,. to + «■.   For the general case, (A19) and (A20) 
yield 

A-IP^A/.')^]4/  <//.•,•--j' ^V.i^*,)-../0v(A*-2JAfr) , (A19') 

where the inaccuracy in the approximation is on t|ie order of (Afr/;n)J, or less than 4% lor the present data.   Final- 
ly, combining Eqs. (A18') and (Al»') with (A12): 

/.(«^■'■"•f^^;:« .i:/xjr"7'*.■••/■ *..,':.".).../:(«-^"1)! (A21) 
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Here 

h\ r^ifroA.)*/'(*,! (A22) 

so that taking f(lk(k0/k)* on the ri^M side of (A21) yields 
exp(- /MfXe|v" „/i'lfXel" //(Xe|   [XLT

1
 as required. 

Equation (A21) is equivalent to Kq.  (3. 5) of Ref. 17, 
except for an additional broademnir factor l,.(u<) in the 

latter expression.   That broadening factor is negligible 
in the far wings considered here. 

Since all <•, in Eq. (23) are at /.■,    /,-. or /,■,•/,•.   one 

should choose small enough Rg, or /,•, and /,•, far enough 

from Ifo, that the CFCP is valid.   This implies the tra- 
ditional validity criteria for the "quasistatic" wing, that 

lu'-u'ol     l/'v at a'/2tr= '■. or /,•.,  and this yields /•, 

"" hot 10 cm"1.   However, as there is a diffuse red satel- 

lite at A/,~20-50 cm'1 the simple CFCP is not very ac- 

curate in this region.   We have taken /,>. at -kf,- 50 cm"1 

and the results of variations in /,•, and /,•. have been dis- 

cussed in the text. 
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Excitation of the 6'i* state of 02 by low energy 
electrons 

S. A. Lawton"' and A. V. Phelpsb) 
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Rate coeffiaenls for excilalion of the b 'X,' stale of O; by low energy electrons have been measured using 
a drift lube technique  The time dependence of the absolute intensity ol the 762 nm band emission was 
measured for O.  densities between   10" and  2x10" molecules/em3    When corrected  for electron 
aitachmeni. lonizalion. and metastable diffusion, the number of /> 'I,'  mulecules produced per centimeter 
of electron drift and per O. molecule calculated from the 762 nm emission varied from 1.3 x 10  " cm2 at 
£/\=5xl0 pVcm2 to 2.1x10  " cm! at f/ZV = 2x 10" "V cm2. These values of electnc field to oxygen 
density ratio E/N correspond to mean electron energies of 0.7.^ and 6 eV. respectively. Measured decay 
constants for the 762 nm radiation yield a value for the product of the diffusion coefficient and the O 
density of (5.0±0.3)X 10'" cm ' sec ' and a quciKhing cocfficicnl for the b 'X* state of (3.9i:0.2)X 10  " 
cm ice  '  Comparison of measured excitation coefficients with values calculated wing a recommended set 
of electron collision cross sections for Oi show that the cross sections lor direct excitation of the b '2,* 
stale are accurate near threshold and suggest that essentially all of the O. molecules excited to levels at 
and above \ ti eV result in the formation of molecules in the b 'ij state 

I.   INTRODUCTION 

The metastable states of Oj play an important role 
in the earth's atmosphere through their ability to radi- 
ate measurable amounts of energy as well as to enhance 
rates of atmospheric reactions by virtue of their stored 
energy.   Thus, measurements of the radiation from the 
(7 l±t and ft Z't states of 02 during certain auroras sug- 
gested a serious deficiency in the models of energy in- 
put and conversion to radiation. '~3  It has been proposed 
that the needed excitation is the result of electron heat- 
ing by electric fields produced by the aurora,3 while 
other authors suggest that the secondary electrons pres- 
ent in auroras are a sufficient source of excitation.£ 

In either case there is a need for accurate cross sec- 
tions and rate coefficients for electron excitation of the 
oxygen metastable states.   The experiment described 
in this paper supplies the total rate coefficient for elec- 
tron excitation of the h lZ state of Oz including electron 
excitation via cascading from higher molecular states. 
This is in contrast to the electron beam scattering ex- 
periments4-6 which yield only the direct excitation of 
the molecular states.   Furthermore, the experiments 
to be described yield rate coefficient data for the col- 
lisional destruction of the h lS metastable for compari- 
son with other laboratory measurements,7-10 air glow 
models," and simulation experiments. '2 

The experimental technique described in this paper 
is that of measurement ot the absolute intensity of the 
762 nm radiation emitted by the 02(ö 'S*) molecules ex- 
cited by electrons drifting through the 02 under the in- 
fluence of a uniform electric field.   The technique is an 
extension of that used previously13 for the 4.3 Mm bands 

*'Present address;   University of Illinois, Urbana, Illinois 
61801. 

"'Staff Member, Quantum Physics Division, National Bureau 
of Standards, and Lecturer, Department of Physics and 
Astrophysics, University of Colorado. 

of COj.   The relevant theory of the experiment is out- 
lined in Sec. II, while the apparatus and calibration 
procedures are described in Sec. III.   The rate coeffi- 
cients for quenching of the b 'i" state by Q are discussed 
in Sec. IV and the excitation coefficient measurements 
are presented in Sec. V. 

II.   THEORY OF THE EXPERIMENT 

Tho potential energy curves14 for those states of O» 
which are germane to b lSj excitation are shown in Fig. 
1.   The b 'S state has an excitation threshold of 1.63 
eV.   Direct electron excitation to the f = 0 vibrational 
level exceeds excitation to v=l by about an order of 
magnitude,4,s and excitation of levels with f *2 has not 
been observed In electron beam experiments.   The v = 0 
level radiates to the ground state in a band around 762 
nm with a radiative lifetime of about 12 sec. 14•"  A 
radiative transition to the a 'A state has also been ob- 
served and tue transition probability15,'* is about 0.006 
sec"'.   The c 's;, C 3\, and A 3T,'U states are also meta- 
stable,'4 so that radiative transitions from these states 
to the b 's state are not expected to lead to significant 
b 's production.   Only the c 's; state is shown from 
amon^r the states with vertical excitation energies in 
range from 4. 5 to 6 eV above the ground state.   Disso- 
ciation of 02 to form excited oxygen atoms can also lead 
to b lE excitation as discussed in Sec. V. 

A.   Excitation of O, {b 'zp 

Electrons drift through the oxygen gas under the in- 
fluence of a square wave modulated electric field in 
what can be approximated by an infinite, parallel-plane 
geometry.   During the half-period when voltage is ap- 
plied the electrons emitted from the cathode gain en- 
ergy from the electric field until they reach a steady- 
state distribution of energies in which the energy gain 
is balanced by energy losses in collisions with the 02 

molecules.   As the electrons drift toward the anode 
they can (a)  excite the Oj molecules to any one of a 
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FIG. 1.   Potential energy curves for Oj.   The vertical lines 
show the Franck-Condon region for excitation from theX'r^ 
ground state. 

number of vibrational or electronic states, (b)  attach 
to the 02 in two-body or three-body collisions, or (c) 
ionize the 02.   During the half-period of zero electric 
field the electrons rapidly cool to the gas temperature 
and can no longer excite or ionize the 0^.   Excited mol- 
ecules in the b lSj state can (a)  radiate to lower states 
as in the 762 nm band, (b)  be collisic.u.ly de-excited 
to lower states, or (c) diffuse to the electrodes or wall 
of the collision chamber.   The experimental technique 
used in this paper makes use of absolute intensity mea- 
surements to determine the density of b 's molecules 
and, together with decay constant measurements, the 
rate of loss of b 'E molecules.   The product of the 
steady-state density and the decay constant is propor- 
tional to the production rate.   In the remainder of this 
section we derive the equations which relate these den- 
sities and decay constants to the measured, time-vary- 
ing 762 nm signal and drift tube current.   Because of 
the importance of electron attachment and ionization 
and metastable diffusion, we cannot use much of th? 
theory derived13 for the experiments in COj. 

The time and spatial dependence of the electron den- 
sity n,{z,t) is given by the solution of the equation 

at 
a« . 
OZ 

(1) 

where N is the ground state density, kt and k3 are, re- 
spectively, the two- and three-body attachment rate 
constants, fe, is the ionization rate constant, and w, is 
the electron drift velocity.   After the accelerating volt- 
age is turned on, the electron density distribution will 

reacli a steady-state epatial distribution in a time of 
L/we   10"' sec, where L is the separation of the elec- 
trodes.   Since the period uf the accelerating voltage 
square wave is at least 50 msec,  the electron density 
distribution can be found from the steady-state solution 
of Eq. (1), i.e., 

ne{z,r) = n{0,r)e' 

where 

O   o, - fv a, = (*j ^ + *i N)/w,,   ai=ki N/w,, 

and w(0, r) is the electron density produced at the cathode 
by the external uv source.   Here we have assumed that 
secondary electron production at the cathode can be 
neglected.   In the remainder of this paper we will as- 
sume that the cathode emission is independent of radius, 
i.e., ;i(0,r) = «(0) for r less than the cathode radius R. 

The time dependence of the density of b '£ molecules 
«„ is niven by 

_d"n 
dt ^--CA + MK+ß 

aS, 
Bz + k.fVn, (3) 

where A is the radiative transition probability, k4 is 
the rate coefficient for de-excitation of the i lZ state 
in collisions with ground state molecules, htt is the ef- 
fective rate coefficient for electron excitation of the 
b 'S state, and D is the ft 'l state diffusion coefficient. 
De-excitation of the ft 's state by electrons has been 
neglected due to the low electron density (< 10* cm"'). 
There is negligible reabsorption of the 762 nm band by 
the 02 due to the low oscillator strength for this transi- 
tion. "•15 The "energy pooling" reaction Qia 'A) 

+ 02(rt 'A) - 02 + C^(ft 'r) has been ignored because of the 
low a 'A densities in our experiment and the low rate 
coetneient (2x 10"" cm3sec"1).17 Indirect excitation 
through higher energy states has been assumed to occur 
on a time scale very short compared to the effective 
lifetime of the ft lI state and will be discussed later. 
Quenching of the ft 's state by any auded gases or im- 
purities can be included in Eq. (3) by the addition of a 
term equal to the product of the impurity density, the 
quenching rate constant, and *»,   Radial diffusion out 
of the field of view has been neglected (see Appendix 
A). 

The solution of Eq. (3) using the electron density dis- 
tribution of Eq. (2) and assuming «„ - 0 ai /   0 and nt 

= 0 at z = 0 and « = Z, for alW is 

n^k.iNniO) ^ {bjyj BW(mi,z/L){l - <?-'-'), (4) 

where 

r„=A+^Ar+Z)(WurA)1, 

ft„ = 2irw(l - «>■• coemff)ra,+(wrr)8!"1, 

w ? 1, and a- aL.   If the half-period of the square wave 
of voltage applied to the drift tube is long enough, i.e., 
at least 5/>,, then the decay of the ft lI density during 
the voltage-off half-period is obtained by replacing the 
final parenthesis in Eq, (4) by e"'"'.   In the limit of no 
diffusion, the sum in Eq. (4) or the direct solution of 
Eq. (3) for nj = 0 at/= 0 is 
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n» = f*rtNii(0)/y,le—(l-e"»') 

where )o-^ ♦*«#■ 

(5) 

B.   762 nm signal 

The 762 nm signal developed by the photomultiplier 
and subsequent amplifiers is given by 

S{/)=/1.AD(i/()(/(>(Afte/4t)jftin,dV) (6) 

where 

t)= fff(v)R(v)(lv/f H{v)du. t 

Here fm is the fractional transmission of the windows 
between the excited molecules and the detector, iHy,) 
is the responsivity per photon of the photomultiplier 
and amplifier system at the frequency of peak transmis- 
sion of the interference filter, /.(>/) is the fractional 
transmission of the interference filter, H(v) is the rela- 
tive intensity of radiation emitted18 by h lZ molecules 
in the frequency interval du, ^ilc is the solid angle sub- 
tended by the photomultiplier cathode from the volume 
element riV at the center of the drift tube,  and rj is the 
efficiency of photon detection at various parts of the 
drift tube relative to that at the center.   In Eq. (5) we 
have taken advantage of the fact that the response of the 
detector per photon is essentially independent of photon 
energy over the range of significant transmission of 
the interference filter.19  The distribution of emitted 
energy R(i') is taken from Noxon" and from Bastien 
and Lecuiller.20  In contrast to the situation for the 
measurement13 of 4.3 /im excitation in COg, the for- 
mulation of Eq. (6) is simplified by the fact that absorp- 
tion of the 762 nm band by 02 between the drift region 
ajid the detector is negligible. "   Note that TJ is deter- 
mined experimentally and includes such factors as the 
variations in solid angle, changes in photomultiplier 
sensitivity with angle, and the scattering of light by 
electrodes. 

It is convenient to normalize the spatial integral in- 
dicated in Eq. (6) to the value obtained with a constant 
detection efficiency and with the spatial distribution of 
excited atoms calculated in the absence of diffusion as 
in Eq. (5). Thus, we define a geometrical factor G 
such that 

G = in/Yo) ImtdV Un^dV --■ J^G,, (7) 

where «„' is given by Eq. (4) in the limit of r„/ - «> and 

GiB = 71 a^— \    V(r)8in(niiiz/L)dz 
U -«  )>», Jo 

Note that since we have assumed the electron current 
at the cathode to be independent of r and have neglected 
radial diffusion of the metastables so that nb is indepen- 
dent of r, we use the radially averaged value of v in 
Gm.   In the case of uniform detection efficiency, i. ^., 
TIA(Z) = \, only odd values of m contribute and the sum- 
mation indicated in Eq. (7) can be carried out to yield 
a geometrical factor GA such that 

*+rf*) ratanh(d/2)      "1 
(a^PTUtanhWe)     J' 
U (8) 

wb»rc drrnkJitf/D,   In the low density limit,  i.e., a 
-0 and^-O, Eq. (8) yields Cil-f

,/12.   For negligible 
diffusion and attachment, G^- 1.   The results of analyt- 
ical evaluations of G for other simple forms of viz) and 
for our experiment are discussed in Appendix A. 

C.   Electron and total current relations 

It is now necessary to relate the electron density at 
the cathode «(0) to the measured current through the 
drift tube.   We begin with the differential equations 
describing the time dependence of the negative ion and 
positive ion densities while the electric field is applied, 
i.e., 

8»/. dn.jzJ)    .   „ 
-w. ——— = kiNn, 

Bl ÖZ 

and 

Bl —~— = (kiN
m + ktN)nt, 

(9) 

(10) 

where w, and u>. are the positive and negative ion drift 
velocities,  respectively.   The recombination of elec- 
trons and negative ions with positive ions is neglected 
because of the low charge densities present in this ex- 
periment.   Radial and longitudinal diffusion of electrons" 
and ions and detachment of the negative ions have been 
neglected.   Since the electron, negative ion, and posi- 
tive Ion densities reach their steady-state values in a 
time short compared to the half period of the square 
wave, the time derivatives in Eqs. (9) and (10) can be 
neglected.   This means that the densities of the ions 
can be obtained by integration of Eqs. (9) and (10) sub- 
ject to the boundary conditions that n. = 0 at 2 = 0 and 
n. = 0 at z = L. 

The contribution of the various charged particles nt 

to the currents in the external circuit t, are then ob- 
tained from the relation 

itfew.   '■'■ TiR ew,  f      . ., 
(11) 

If the electron current leaving the cathode is ic 

= ■nRZ(wji(0), the measured magnitudes of the electron 
component of the current it and the total current i are 
given hy 

(12) 

(13) 

i» 'cd- e-)/a 

and 

i '■.(«•- o,e-)/a 

Therefore, 

'. (1 -e-) 
i    (o,!.-o,Lc"*)   q (14) 

The experimental determination of 9, at/N, and a^N 
using these relations is discussed in Appendix B. 

The magnitude of the quasi-steady-state signal at the 
detector S0 may now be written in terms of the excita- 
tion rate coefficient, various geometrical and frequency 
averages, and the observed current.   Thus, substitution 
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of Eq. (4) into (6) and the use of Eqs. (7) and (14) yields 

(15) 
, Ai2. /I ia^ 

where oft   kttS/K', is the number of excitation events 
per unit distance in the field direction. 

D.   Comparison with radiance standard 

As in the C02 experiments,  the detector was cali- 
brated against a radiance standard.   Thus, the signal 
reaching the detector, when illuminated by the incan- 
descent source,  was 

Sr.-twlriirMirl){ ..){■/> )€(u)B{i>)di (16) 

whereyr is the fractional transmission of the windows 
and neutral density filters between the radiance stan- 
dard and the drift region, iir is the area of the aperture 
between the standard and the collision chamber,   Ml, 
is the solid angle of the detector as seen from the lim- 
iting aperture, Mr) is the emissivity of the tungsten 
ribbon, and H{v)(lv is the number of photons per second 
emitted by a black body in the frequency interval r/i-per 
square centimeter of surface per unit solid angle at the 
operating temperature of the standard. 

The final expression for the excitation rate coefficient 
is obtained by combining Eqs. (15) and (16) to obtain 

A' 

where 

<-g>iSo 
GiANS. 

(17) 

r-^ff .(■/>«■''«*.■■ 
Note that in ( the area of the cathode of the photomul- 
tiplier used in the calculation of the solid angles as 
well as the magnitude of the transmission of the inter- 
ference filter cancel out.   In Eq, (17) the responsivity 
of the detection system for measuring S0 and .Sr cancels 
out provided that the system is linear over the range 
of signals used. 

III.   EXPERIMENTAL APPARATUS AND PROCEDURE 

The apparatus is shown schematically in Fig. 2. 
Electrons from the photocathode drift through the C^ 
target gas under the influence of a uniform electric 
field.   Excitation of the h '£ state was determined by 
measuring the intensity of 762 nm radiation with a 
photomultiplier calibrated against a standard of spec- 
tral radiance.22 

The photocathode consisted of a 0. 64 cm thick uv 
transmitting quartz disk 6 cm in diameter which v/as 
coated on the inner surface with a 70"(' transparent 
film" of a 60* gold, 40% palladium alloy.   This alloy 
is resistant to oxidation and has a high photoelectron 
yield.   The photocathode was illuminated through the 
quartz disk by the radiation from a high pressure mer- 
cury lamp.24 In order to reduce the amount of stray 
762 nm radiation reaching the detector, the light from 
the mercury lamp was passed through two ultraviolet 
filters centered at 200 nm with full widths at half-max- 

STANDARD  SOURCE 

A 

Hg 
LAMP 

U   V 
FILTER 

CURWtNT 
M0N''0R 

ANODE 

CATHODE 

H.V. 
MODULATOR 

X 

762 nm  RLTER 

PM TUBE 

SIGNAL 
AVERAGER 

-»fpREAMP 

FIG, -.   Schematic of the apparatus in the excitation coefficient 
measuring mode.    The electrodes and surrounding chamber 
are mil drawn to scale. 

imum of about 50 nm.   Attempts to reduce scattered 
light by coating the exposed metal surfaces with carbon 
black lead to erratic results, apparently because of 
high v tpor pressure impurities which were not re- 
moved by the relatively low temperature (~ 150° C) 
bakeout.   Photocurrents of about 5^ 10"7 A were ob- 
served with the interaction region evacuated.   For the 
experimental range of E/N, photocurrents of about 5 
x 10"e A were obtained.   The total drift tube current was 
passed through a low pass RC filter and was monitored 
by observing the voltage across the 10' Q Input imped- 
ance nl a digital voltmeter which integrated the voltage 
for the duration of the measurement.   The estimated 
accuracy of the current monitoring system was ± 5%. 

A uniform electric field in the electron drift region 
was created by applying a positive potential between 
the shaped anode and the 25 cm diameter cathode plane. 
The anode was 16 cm in diameter with a (Z1 = 27r/3 
Rogowski profile25 over the central 14 cm and with 
broadly rour.jed corners.   The cathode-anode spacing 
at the point of minimum separation was 3. 84 cm and 
the diameter of the semitransparent cathode was 6 cm. 
This design also reduced the problems with breakdown 
at the higher E/N,   A zero-based, square wave accel- 
erating voltage was applied to the anode.   The period of 
the voltage modulation was determined by the time con- 
stant of the 762 nm signal and varied from 50 to 500 
msec    In order to minimize t^e effects of contact po- 
tentia1 differences, a minimum cccelerating voltage of 
12 V was used.   The maximum accelerating voltage 
was 'JOO V.   The voltages were measured to ± 1%.   The 
maximum space charge distortion of the electric field 
is caused by negative ions aiid positive ions and is esti- 
mated to be 5% and occurs at the lowest E/N, 

The gas used was specified to be 99.99% pure O^. 
The gaa was held in a reservoir at liquid nitrogen tem- 
perature for approximately 1 h and then was slowly bled 
into the experimental chamber so as to avoid boiling of 
the liquid oxygen.   Pressures were measured using a 
calibrated capacitance manometer with a stated accuracy 
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of better than ± I'i.   The system was baked with heating 
tapes ;ind lamps for 48 h so that typical outgassing 
rates at room temperature were 10'3 Pat?'- lO'" torr) 
per min.   The Ü2 gas was changed at sufficiently short 
intervals to assure that contamination caused by out- 
gassing was negligible. 

The 762 nm signal was measured with a GaAs photo- 
multiplier cooled to dry ice temperature.   The signal 
processing was the same as for the C02 experiments. 
If absolute measurements of a/N were to be made, the 
anode current from the photomultiplier tube was ampli- 
fied, dig-'.ized, and stored on a 256 channel multichannel 
sealer, which also controlled the timing ->f the accel- 
erating voltage.   Integration times of 200 sec were 
satisfactory at the larger values of E/N, while integra- 
tion times of 40 min were necessary for the lowest E/N 
points.   The period of one sweep was adjusted to be 
equal to about 10 ■).   If only relative values of a/N as 
a function E/S and at fixed C^ density were desired, 
the photomultiplier current was amplified and measured 
with a lock-in amplifier.   The reference output of the 
amplifier was used to synchronize the drift-tube accel- 
erating voltage.   The output of the lock-in amplifier 
was integrated on the multichannel sealer for about 15 
min. 

The 762 nm band was isolated from the background 
radiation at the photomultiplier by an interference filter 
with 64^ peak transmission at 762 nm and a 10 nm 
FWHM.   This filter is not sufficiently narrow to reject 
any radiation from the (1,1) b 'S^-.Y's; transition14 at 
771 nm which could have made a small contribution to 
the signal.   The transmission of the 762 nm interference 
filter was measured from 750 to 780 nm on a double 
pass 3/4 m monochromator with 0.1 nm resolution. 
The calculated fraction of 762 nm band radiation trans- 
mitted through the filter {ti ) is the same to within 1% 
for the measured band intensity distributions, ll'•20  The 
filter transmission was used with the manufacturer's 
specifications for the standard lamp and the relative 
photomultiplier sensitivity to obtain the integral in Eq. 
(17). 

The calibration of the detection system was checked 
before and after each scries of measurements.   The 
photomultiplier observed the radiation from a standard 
of spectral radiance22 with a stated calibration accuracy 
of t 6'".   This radiance was an average value over an 
area 0. 6 by 6 mm at the center of the tungsten strip 
filament.   The 10 -4 mm photomultiplier cathode viewed 
an area 0. 6 by 1.5 mm through an aperture of (27. 6 
±1.0 ^m diameter) placed in front of the lamp.   The 
maximum error introduced by observing this smaller 
area of the filament was determined by moving the 
aperture horizontally and vertically and was less than 
A%.   In order to reduce the intensity of the lamp to a 
value comparable to that observed for h XZ emission, 
a neutral density filter was inserted in front of the 
lamp.   The transmission of this filter at 762 nm was 
measured to be (1.03 ±0.05)'? using a monochromator 
and white light source.   A chopper between the standard 
lamp and the photomultiplier modulated the signal at 

65 H/.   The calibration signal was amplified and time 
averaged in a manner identical to that for the data so 
as to calibrate the total signal processing system. 

Tin spatial variation of the detection efficiency TJ was 
determined by mapping the drift region with a light- 
emitting-diode covered with a 6 mm diameter diffuser. 
The measurements were corrected for the measured 
angular emissivity of this source.   The inclination of 
the photomultiplier cathode resulted in a loss of sen- 
sitiv iiy near the anode.   The center of the drift tube 
was i liosen as the reference point because it is aligned 
with 1 he radiance standard and results in illumination 
of tht1 photomultiplier cathode from the same angle as 
froni the radiance standard.   Although the use of a 
broad-band source does not provide a measure of the 
loss of detector sensitivity caused by the shift of about 
1 nm in wavelength of maximum transmission of the 
intenerence filter at angles corresponding to the posi- 
tions of the electrodes, this effect is estimated to be 
less 1 han 5%.   The estimated uncertainty in the geo- 
metrical factor C caused by uncertainties in T; is ± 5% 
for the data reported, i.e., for - 1.3 s aZ. s 3. 5. 

Although not expected to be important because of the 
low electron (< 104 cm'3) and metastable state (< 1010 

cm"J) densities, a test was made for 762 nm production 
as the result of successive excitation events.   Fine 
screens were inserted between the mercury lamp and 
the photocathode so as to reduce the photocurrent by 
factors of 3 and 10 at E/S= 6x lO'1» Vcm*.   The resul- 
tant njN values varied by less than 5%.   This test also 
rules out any sequence of electron excitation and of 
photodissociation or photon excitation by light from the 
mercury lamp unless the photon induced step is fast on 
the time scale of this experiment, i.e., unless the 
photon induced reaction time is short compared to 1 
msec with the total photon flux of about 3 x lO16 pho- 
tons cm^sec*1 or the photon cross section is greater 
than about 10'14 cm2. 

The principal sources of uncertainty in the determina- 
tion of E/N are in the measurement of the electrode 
spacing (± 2%, the voltage applied to the gap (± 1%), 
and the gas density (± \%) and in estimation of the ef- 
fects of space charge distortion (± 5%), contact potential 
(iA%), and electric field nonuniformity (+ 5 to - 15%) 
for a total estimated uncertainty in E/N of 4 6 to - 17%. 
The principal sources of uncertainty in the determina- 
tion of at/N are in the manufacturer's calibration of 
the l.imp (i 6%); our measurement of the neutral density 
filter attenuation (± 5%), the aperture area (±8%), var- 
iations in detection sensitivity (± 5%), the contribution 
of reflection from the walls of the chamber (±5%), fit- 
ting the observed wave form (± 5%), the current through 
the drift tube (± 5%), and the fraction of the current 
caused by electrons (± 10%); our calculations of the 
detector solid angles (* 5%) and the diffusion correction 
(tSl); and the literature value of the transition prob- 
ability (±10%) for total estlmaUid uncertainly in ab/N 
of ±25%,   The principal sources of uncertainty in the 
determination of the decay constants y are in the fitting 
of the exponentials to the experimental data (±5%). 
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Ob 

FIG. 3.   Relative 762 nm intensity as a function of time.   TTie 
accelerating voltage was turned off at / = 0 and on at /   0.256 sec. 
The experimental parameters were (Ojl » 1.6xiü1T cm"', E/N = 9 
x 10-1T Vcm2, i^S.öxlO-'A, and I, =3.26 cm.   The signal am- 
plitude corresponds to about 5x lo44 W/cm2 incident on the 
photomultiplier cathode at 25 cm from the collision chamber. 
The decay constant is 38 sec"1. 

IV.   QUENCHING RATE COEFFICIENTS 

Figure 3 shows a representative curve of 762 nm 
intensity as a function of time.   The so.'id curve shows 
the least-squares fits to the data of fun. tions of the 
form sexpi-^j/) and sfl - exp(-ri,/)I.   '^s discussed in 
Appendix A, the decay constant y = (>„+   s)/2 is expected 
to be equal to the decay constant for the fundamental 
diffusion mode to within 2%.   The decay constant y is 
plotted versus 02 density in Fig. 4,   For a 12 sec radi- 
ative lifetime, A <^ y, so that y = D/\z + litN.   Here A 
is the diffusion length for the cylindrical collision 
chamber of height L and radius R, i, e.,   1/A2 = ir8/!* 
+ (2.405)*/«*.   For densities less than 1017 cm"', y is 
determined by the rate of diffusion of the metastables 
to the electrodes where they are quenched.   The solid 
line of Fig. 4 indicates the best fit value of DAT = (5.0 
± 0.3) x 10'* cm"1 sec"1.   This diffusion coefficient is in 
good agreement with previous values. ''^  The deviation 
of the data points from the solid line at low densities 
may indicate reflection of the metastables at the walls,17 

although a rather high reflection coefficient* from the 
metal electrodes (~ 0.9) would be required. 

At densities above about 10la cm'3 the time constant 
is determined by the rate of quenching of the h 'S in 
collision with ground state molecules.   Until recently, 
measurements of the rate constant for quenching of the 
b XZ by the 02 molecules have yielded values which dif- 
fered by an order of magnitude. 7~t The present data 
indicate a quenching rate constant of (3. 9± 0.2) x 10"17 

cm3 sec'1.   This value is in agreement with the rate 
constants obtained by Thomas and Thrush* in known 

mixtures of Oj and water vapor and by Martin et al.* 
and L.iwton ct a!.,10 who observed laser excited photo- 
luminescence from the b x'£ state. 

V.   EXCITATION COEFFICIENTS 

A.   Pure O, 

Figure 5 shows experimentally determined excitation 
coefficients a^N as a function of N for £/Ar = 8xl0"17 

and 8x 10"18 Vcm*.   The solid points were calculated 
using Eq. (17) with yiS0 replaced by s(y,+ yt)/2 and 
with </   1 and G = (n) = 0. 78.   A radiative transition prob- 
ability"'14 of A =0.085 sec'1 was used in calculating 
these and other at/N values.   The open points show the 
results of correction for the effects of attachment, 
ionization, and diffusion calculated using Eq. (14) for 
q and the evaluation of C = Gs as discussed in Appendix 
A.   According to our model for this experiment, the 
ov'.V values represented by the open points should be 
independent of [O^].   Less than one-half of the decrease 
In the apparent at/N values at low [02] is caused by 
radial diffusion as discussed in Appendix A.   The major 
cause may be the finite distance required for the photo- 
electrons to reach a steady-state energy distribution.** 
The averages of the high N data from a series of plots 
such as Fig. 5 provide the absolute values of ab, \ 
shown by the solid circles in Fig. 6.   The open circles 
in Fig. 6 were obtained from relative values of s/i 
versus E/N obtained at constant .\.   These values were 
corrected for attachment and ionization and then nor- 
malized to the absolute value of ab/N at B/N*4*IQ'1* 
Vcm2.   Empirically, the experimental values of at/N 
are (1.5±0.4) xi0"1,exp(- 4. 67x 10M N/E) cm* for E/N 
£5x ID"1* Vcm* and (4.7± l,2)x 10's {E/N)0-*0 cm* for 
E/N^-1.5x 10'1* Vcm*.   Measurements were made for 
E/N between 2x 10"15 and 8x 10'15 V cm2 but are not 
shown because of the large and uncertain corrections 
for diffusion and for low detector sensitivity near the 

10'» 
3 

10" IO'* 

OXYGEN DENSITY-[Oz], cm" 

Flo. 4.   Decay constant of 762 nm radiation versus Oj den- 
! .cy.   The solid line indicates the fit of the sum of the diffusion 
and two-body quenching terms.   The solid circles are the pres- 
ent results while the solid squares (Ref. 10) and open circles 
(Ref. 9) are measurements using laser Induced fluorescence. 
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FIG. 5.   Density depondence of excitation coefficients for 762 
nm radiation in Oj.   The solid [Mints are calculated from the 
observed 762 nm signals using the average value for the de- 
tection efficiency but without correction for attachment, ioniza- 
tion, or diffusion.   The open points are calculated using Cg/N 
values which maximise the Oj density range for which the 01,,/N 
values are independent of density.   The crosses are for values 
of aa/S which are too large.   The upper set of points ts for 
£W = 8xlO"u Vcm2, aj/N = 2.8xl0",, cm2, and a./N values of 
(•) 0, (o) 2x lO"18, and (x) 2.5x IO-18 cm2.   The lower set of 
points is for £/N = 8x Kr" Vcm2, al/N = 0 and aa/N values of 
(*)0, and (A) (2.lx 10-»'(021 + 2x10-"). 

anode when (- aL) is large and because of the possible 
failure of the electrons to reach a steady-state energy 
distribution in a distance small compared to L. 

The solid curve of Fig. 6 shows the rate coefficients 
calculated from the cross sections foi direct excitation 
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FIG. 8.   O^ft 'l^) excitation coefficient versus £/Ar.   The solid 
circles are obtained from plots such as that of Fig. 5.   The 
open circles are corrected for attachment and ionizatlon and 
then normalized to the absolute values. The solid curve is the 
direct excitation coefficient while the long-short dashed curve 
is that obtained by summing the contributions of excitation to 
the b 'i and B 31 states.   The dashed line Is the calculated 
total excitation coefficient for the ft '2^ and all higher energy 
(> vlectronic states. 

I01 10' 
ELECTRON ENERGY. eV 

FIG. 7,   Cross sections for electron excitation of Q used in 
the calculation of the rate coefficients for excitation of the 
02(6 '^ state.   The basis for the choice of the set of cross sec- 
tions tl discussed in Appendix C.   The dissociative attach- 
ment cross section used for the calculated a JN curve of Fig. 
10 is 1.2 times that labeled ATT in this figure. 

of the b 'E state measured by Linder and Schmidt4 and 
by Trajmar et al*  Use of the cross sections measured 
by Konishi et al.* leads to rate coefficients which are 
a maximum of 5% larger than those shown by the solid 
curve.   The cross section set for electron collisions 
in O. used in this calculation is shown in Fig, 7.   The 
basis for this set is discussed in Appendix C.   An ad- 
dition;)! known process for the production of b '£ mole- 
cules is via dissociative excitation of Oj to produce 
0(lD) atoms and their subsequent excitation transfer to 
the b 'S state, i. e., the reactions 

c + OtPC »s;) - Oz{B 32;) + c - CX'ß) + 0(3/') + e 3) 

and 

o(lß)+o2(x
,2;;)-o!!(6

ls;)+o(3p). u») 
DeterminatiJUS" of the efficiency of Reaction (10) in 
pure C^ range from < 1% to 100%.   If we assume that 
processes (18) and (19) are 100% efficient and add the 
calculated rate coefficient for excitation of the £*£ 
state to that for direct excitation of the b '£ state, we 
obtain the long-short dashed curve of Fig. 6.   Note 
that since the measured" rate coefficient for Reaction 
(19) is 4xl0_11 cm3sec-1, typical O^Z)) lifetimes in our 
experiment are - 1 Msec and are not observable in the 
buildup of the 762 nm signal.   We see that the agreement 
between these calculations and experiment is good only 
for E .V< 8x ID'17 Vcm*, i. e., for mean electron ener- 
gies less than 1.3 eV. 

We have been unable to find a completely satisfactory 
explanation of the discrepancy between experiment and 
the sum of the excitation coefficients for processes 
which are known to lead to the b '£ state.   At present 
the must likely explanation for the excess in the ob- 
served excitation rate coefficient is that the excitation 
to states which we have labeled by the 4. 5 and 6 eV en- 
ergy losses (see Appendix C) result in the production 
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of bound levels of, for example, the r lr; state5 which 
are colllsionally dc-excited to the h 's state.   If we 
include the calculated excitation coefficients for these 
states in the summation,  we obtain the short dashed 
curve of Fi^. 6 which agree! reasonably well with the 
experimental data.    A difficulty with this explanation is 
that the application of the Frank-Condon principle to 
potential energy curves14 for 0^ leads to the prediction 
that excitation of the molecular states characterized by 
energy losses of 5.1 to 7 eV results in dissociation to 
form two CM3/') atoms.   The reassociatioa of these 
atoms appears very unlikely.   The association of atoms 
from different molecules is slower29 than loss by dif- 
fusion and their contribution to the 762 nm signal would 
vary as the square of the electron current in contrast 
to experiment.   Similarly,  the formation29 of O3 and 
its subsequent pholodissociation is slow compared to 
diffusion and so would be inefficient and time varying. 

The possibility of excitation transfer from vibrationally 
excited ground state molecules to the b lS state is ruled 
out by the wrong dependence on E/N and by the small 
amount of energy transferred from the electrons to the 
vibrational manifold.   The energy pooling process17 in- 
volving two Cy^'Aj) molecules is ruled out by the ob- 
served linear variation of 762 nm signal with photo- 
electric current, by the relatively fast and current in- 
dependent decay of the h XZ population, iu)d by the wrong 
E/N dependence of the unexplained excitation.   We have 
been unable to think of any b E excitation process in- 
volving « 'A molecules which is not ruled out by consid- 
erations such as these. 

If we are willing to assume that the electron beam 
experiments are significantly in error, a reasonable 
fit to the ajN data can be obtained by adding the cross 
sections given in Fig, 7 for the 4. 5 and 6.1 eV energy 
losses to the cross section for h S excitation and by 
reducing the cross sections for the excitation of the 4.5 
and 6 eV processes by factors of 1. 63/4. 5 and 1.63/6, 
rospectively.   This proposal increases the cross sec- 
tion for direct b 'S excitation by about a factor of 10. 
It seems very unlikely that the electron beam experi- 
ments could be in error by this much. 

B.   O.-Nj mixtures 

A few determinations of ab/N were made in mixtures 
of N2 and 02 and are shown for fN2l/[Ojl- 1/9 in Fig. 8. 
As for pure Oj, the experimental rate coefficients are 
much larger than the calculated values for direct ex- 
citation of the b 'S state (solid line) or for direct ex- 
citation plus excitation transfer from OCO) {long-short 
dashed line), but agree reasonably well with the sum of 
the excitation rate coefficients for the b XZ state30 and 
all higher energy electronic states of C^ (short dashed 
line).   The measured 0,(6 lS) lifetimes were consistent 
with previous measurements' of b 's destruction by N2. 
Note that in measurements at the higher Nj fractional 
concentrations the interfering radiation from the (3-1) 
band of the B^n^A 's^ (first positive) transition of N2 

can be easily separated from the 762 nm signal because 
of the very rapid buildup of the N2 radiation to a quasi- 
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FIG.    .   Excitation coelfictent o^/JV versus E/N for (N2I/IO2I 
- 1/9.   As In Fig. (j, the smooth curves show the predicted 
rate im'fficients for excitation of the b 'l state. 

steady -state value.   No information regarding excitation 
transfer from excited N2 to 02(ft 'S) was obtained be- 
cause of the large rate of electron excitation of 0^ at 
the relatively large ratios of |021/TN21. 

VI.   DISCUSSION 

The measurements of excitation rate coefficients for 
the 02(J 

1EJ) state obtained in these experiments agree 
well with predictions only for mean electron energies 
below 1.3 eV.   These predictions are based on electron- 
beam measured cross sections for direct excitation of 
the b ' S state, known collisional cascading processes, 
and current understanding of the dissociation of Oj mol- 
ecules.   It appears that a significant revision of this 
model is required in order to explain the large excita- 
tion rate coefficients obtained in the present experiment. 
The simplest revision would be to find a way to under- 
stand nondissociative excitation of the O^ levels respon- 
sible lor the observed electron energy losses in the 4.5 
to 7 eV range. 

Measurements which would provide data useful in the 
explanation of this discrepancy are (a)   the time lag in 
the growth of 6 lS population caused by the finite reac- 
tion r.ites in the cascading processes; (b)   the rate co- 
efficient for the dissociative excitation of Og; (c)  the 
rate coefficients for excitation of the 02(rt 'A^) state"; 
and (d)   rate coefficients for the vibrational excitation 
of Oj, using, for example, excitation transfer to CS2 

and its subsequent emission at 6. 7 ^m to monitor the 
density of vibrationally excited O^13 

In c mnection with potential applications of electron 
excit.ition of 02, we note that the efficiency of energy 
transfer from electrons to 02(ft 's) molecules reaches 
a maximum of about 30% at £/N= 2x 10'1* Vcm* and de- 
creases to about 20% at E/N= 2* 10'15 Vcm*.   If our 
hypothesis of large rate coefficients for excitation of 
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the 4. 5-6 oV levels is correct, then about 60"? of the 
input energy tAinvs into lliese levels at /■'/V ne.ir 3 ■ 10" 
Vcm2. 
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APPENDIX A.   DETECTION EFFICIENCY AND 
DIFFUSION CORRECTIONS 

In this Appendix we lirst evaluate the geometrical 
factor (' for various assumed spatial variations of the 
relative detection efficiency and for an analytic approx- 
imation to the experimentally measured variation of TJ. 

We next estimate the small corrections to (.' caused by 
radial diffusion.    Finally, we evaluate the difference 
between the decay constant t obtained by fitting to the 
measured transient and that of the fundamental diffusion 
mode. 

I.   Variable detection efficiency 

The evaluation of the geometrical factor C discussed 
in Sec II. B for our experiment is most easily carried 
out by considering two additional simple forms of the 
detection efficiency.   Thus, for 7]B(2)   sin(iT2//-), we 
find 

_ IWU + O GflV+,?)(r-«.-) (Al) 

and in the limit of « - 0, 6B= 2/it.   Note that if the ex- 
periment were designed such that v - v», the evaluation 
of G and of a^/N would not require a knowledge of the 
diffusion loss.   Finally, lor r}c-(\-2z/L), only even 
values of m contribute to VG-, and 

r      fl(7f2 + ri
2) 'cothW/2)    2 coth(a/2) 

a IA (A2) 

Since the metastable molecule density has been as- 
sumed to be independent of radius, the experimental 
values of relative detection efficiency are first averaged 
over radius and angle to obtain T)F(Z).   We find that to 
an accuracy of ± 5% the efficiency T(E(Z) is given by 

% = 0.45 f 0. 55 ilndi/Z.) + 0.18(1 - 2f/X), 

so that 

(;.; = 0.456"^0. 556fl+0. 180 

(A3) 

(A4) 

The estimated uncertainty \nGE is less than ± 5% for 
the conditions of th«' data reported.   Thus, in the limit 
of rf2- * the values of C( calculated using Eq. (A4) 
agree with numerically calculated values to within ±3% 
for values of a encountered in these experiments.   The 

variai ons in the magnitude of the correction for the 
spati.n dependence of the detection sensitivity and for 
the eiiocts of diffusion are most readily summarized by 
evalu iiing the ratio of the average detection efficiency 
to thi  values adjusted for the effects of diffusion and 
attaciunent. I.e., the ratio 

n) 
,a,d) 

('.g((i = 0,d -«) 

Os(a,d] 
(A5) 

For the data reported in this paper, the ratio in Eq. 
(A5) is 1.11 at low fOjl.   At the highest fO^ values 
shown in Fig. 5 the ratio varies from 1.07 at E/N 
- 8x ltr" V cm2 to 1. 24 at A/N = 8 x lO"14 V cm2.   Note 
that at the higher |02| values these corrections are 
much smaller than the corrections for attachment in- 
cluded in the current ratio q, 

II.   Radial diffusion 
The effects of radial diffusion can be estimated by 

replacing the circular cross section of the drift-tube 
chamber by a square cross section.   In this approxima- 
tion the emitting portion of the cathode is assumed to 
have an edge dimension of 2 ft and the square cross 
sectinn of the chamber to have an edge dimension of 2r 
equal to the diameter of the drift-tube chamber.   The 
volume seen from the photomultiplier is approximated 
by a rectangular box of dimensions L, by 27 along the 
line-ot-sight or y direction, and by 2B along the x 
direction at right angles to the line-of-sight and to the 
drift-lube axis.   Changes in effective solid angle inter- 
cepted by the photomultiplier cathode with distance 
from the photomultiplier are assumed tobe compensated 
by departures from the assumed rectangular volume so 
that over the active volume the detection efficiency r; is 
independent of thex and y poeitions for ix\ <B and ly I 
< T,   With these assumptions a Fourier series expan- 
sion in thex,y, and z directions followed by the applica- 
tion of Eq. (7) yields 

(1-«-) S££S£«"~- 
(A6) 

where 

,,,    ,   8rsin(/7rft/2r)sin(/7fT/2r) 6(1, r) = p^  

and 

y{,lljk)=D(i,/2T)t(f + k*) + rm. 

In these equations;, k, and m are odd integers and are 
associated with the x, y, and z directions, respectively. 
Note that for the purposes of this and the next subsec- 
tion we have generalized the definition of G and Eq. (17) 
by replacing y, by y(lll), the decay constant for the 
fundamental diffusion mode in rectangular geometry. 

The summations over i and k are carried out using 
the relation 

Jfi« -1), T] 

2J sinh{pR/2T)co8h{p/2 -pr/ZT) 
~pR C08h(/)/2) 

(A7) 

J. Chem. Phys., Vol. 69, No. 3. 1 August 1978 



1064 S. A. Lawton and A. V. Phelps; Excitation of the b '£* state of Oa 

where R<T<T.   Equation (A7) is first applied to the * 
summation with T- T- andp^A'+Ur/i-AmV + rf1). 
For the conditions of Fig. 5 the second term on the 
right-hand side of Eq. (A7) is 2% for w => = 1 and the 
lowest gas density and decreases with increasing m, j, 
and [02|.   This correction will be neglected and Eq. 
(A7) applied to the ; summation with T = Ä - 4. 5 cm and 
/)M2r/Z.)(wV + rf2).   In this case, and for the daU of 
Fig. 5, the correction term for w = 1 reduces the ex- 
pected signal by BT to 0.02% as the oxygen density in- 
creases.   This correction applies directly to6B, for 
which m = 1.   Since the correction given by Eq. (A7) 
for higher values of m is less than 1%, the reductions 
in GA, Gc, and the expected signal are less than for 0B. 

III.  Decay constant from fitting procedure 

The systematic "error" resulting from the least- 
squares fitting of a single exponential to the data is 
estimated as follows:   First, the theoretical "true" sig- 
nal S(/) including the effects of diffusion is calculated by 
replacing Eq. (7) by (A6).   The signal during the pro- 
duction half-period can then by written as 

5(0=0 E   E E C(n,jk){l-exp[-r{w,m]},      (A8) 
m I h 

where Ö =S0/G" from Eq, (15) and the O(mjk) are the 
terms in the summations in Eq. (A6). 
tion 

Next, the func- 

/ r"fsu) 
.'0 

S(l 'dt (A9) 

is evaluated for i? = »?ii= !■   Note that here we have as- 
sumed that the half-periods used for recording data are 
long enough so that the upper limit may be taken as / 
= ■>,   Because of this long half period and because our 
fitting routine requires that the amplitude s be the same 
for the production and decay half periods, the amplitude 
is that given by the amplitude in Eq. (A8) at large times, 
i.e., by ßG3D.   The value of r obtained by minimizing 
the function / is very close to r(lll) for both half peri- 
ods, i. e., 

p(n!jk)\3y(in) + y(mjk)h(mjk)-y{in)] 
p(iii)fr(iii) + y(w^)lx r(lll) 

-1 
wji 

(A10) 
where the ratios of amplitudes of time varying compo- 
nents of the signal are given by 

y(nmi,B)e(k,T)(if+y) 
A(1U) ' Y(mik)»{l,B)6(l,T)(rt"2   "' 

The correction to > given by Eq. (A10) is largest at the 
lowest density in Fig. 5.   In our experiments only the 
m = 1, j = 1 or 3, and it   1 or 3 terms contribute signif- 
icantly to the summation and there is considerable can- 
cellation among the terms.   As a result, the value of y 
expected from the fitting procedure is smaller than 
r(lll) by less than 2%.   This reduction is well within 
the uncertainty assigned to the diffusion coefficient ob- 
tained in Sec. IV. 

The estimated reduction in the excitation rate coef- 
ficients obtained in Ser. V as the rosult of the neglect 

of radi.U diffusion is approximately the sum of the cal- 
culated reductions in G and y, i. e., about 10% at the 
lowest (Oil of Fig. 5 and less than 0. I*? at the highest 
densities.   The estimated uncertainty in the final values 
of a6 v by the neglect of radial diffusion is less than 
3% and is negligible compared to other uncertainties. 

APPENDIX B.  DETERMINATION OF ELECTRON 
CURRENT AND ATTENUATION COEFFICIENT 

In order to determine the electron contribution to 
the measured drift tube current and the electron atten- 
uation coefficient a, the apparatus was modified as fol- 
lows:   The dc mercury lamp was replaced with a deu- 
terium discharge lamp" with rise and fall times of less 
than a microsecond.   Pulse durations of 4-30 Msec were 
used.   The anode voltage was held constant and the cur- 
rent in the anode circuit was amplified and recorded 
with a transient digitizer with an overall time resolution 
of 0.1 Msec.   Peak currents of about 10'7 A were ob- 
served.   Figure 9 illustrates a current profile obtained 
for A .V = 3 x 10''* V cm* and \Oz] = 2. 5 x lo" cm"s and a 
Dfe lamp pulse duratic- of 4 ^sec.   The initial spike is 
caused primarily by electrons which drift across the 
gap in about 0. 5 Msec.   The long tail is caused entirely 
by the relatively slow ions.   At this value of E/N the 
ions are formed almost axclusively by two-body attach- 
ment33 and no detachment should occur,M The O" ions 
formed by dissociative attachment are rapidly converted 
into Oj ions with an expected transit time of about 160 
Msec. 

Derivations of theoretical expressions for the current 
waveforms appropriate to the present experiments have 
been given by a numberof authors.35 We are concerned 
primarily with the determination of the ratio of the 
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electron current to the total current and make use of 
the equality of this ratio to the ratio of the charge in the 
electron current pulse to the total charge crossing the 
gap.     The experimental value for q is readily obtained 
by integrating waveforms such as shown in Fig. 9 on 
the multichannel analyzer.    Thus,  l/q is the ratio of 
change in counts between the breaks in the waveform 
at the beginning and end of the electron pulse to the total 
change in counts from the beginning of the electron 
pulse to the end of the ion current pulse.   A small cor- 
rection is made for ion current flowing during the elec- 
tron pulse. 

In order to carry out the spatial averaging indicated 
in Eq. (7) one needs to know «„ and a, rather than q. 
We have therefore used the measured values of q and 
Eq. (14) to obtain at/N at E/NzlO'™ Vcm2 and a^N 
at E/N > 2 x lO"15 V cm8.   At the lower E/N these cal- 
culations made use of ai /N values calculated using the 
cross sections of Fig. 7 and shown in Fig. 10.   The 
two- and three-body attachment processes were then 
separated by taking the *»/«;, values of Grünberg36 as 
known.   The values of ki/iv, determined in this manner 
are shown by the open circles in Fig. 10, along with re- 
sults of other experimental determinations33 of kz/w, 
and a calculation using the cross section set of Fig. 7. 
The present experimental results are in good agreemer. 
with the earlier data.   At the higher E/N the present 
determinations of a(/N used at/N values calculated 
using the cross section set of Fig. 7.   The resultant 
a, /N values are in agreement with the larger of the 
earlier experimental values33 and with the present cal- 
culations at E/N = 2 x l(r15 V cm2. 

The cross (x) shown for E/N=B* lO"1* Vcm2 in Fig. 
10 is the value21 of at/N which gave the values of at/N 

shown by open circles in Fig. 5, while the set of crosses 
in Fin.  5 are the values of ajN calculated using our 
measured value of o,AV and our calculated value of 
0,/N.   The crosses shown for E/N» 1. 5x 10"1* and 4 
x 10'16 Vcm2 are the values of a,/N used to obtain the 
corresponding values of at/N shown in Fig. 6.    The 
reason for the differences between some of the at/N 
values obtained from the measurements of q and from 
the n, N versus N plots is unknown.   Fortunately, the 
derived values of a^/N are not very sensitive to the 
values of a./N used in the data analysis.   For E/N = 8 
x 10"17 V cm2 and fO,) > IC17 cm"3 three-body attachment 
process dominates and the attachment coefficient used 
to obtain the open triangles of Fig. 5 is consistent with 
previous measurements.3* 

APPENDIX C.   ELECTRON COLLISION CROSS 
SECTION SET 

This appendix gives the basis for our recommended 
set of cross sections shown in Fig. 7. This set is a 
modernization of that of Hake and Phelps3' and differs 
from that of Watson et al.'* partly because of its em- 
plusis on low energy electrons. One requirement for 
the final data set is that it leads to ca julated electron 
transport coefficients which are reasonably consistent 
with experiment. A second requirement is that the 
energy dependence of the cross sections be consistent 
with electron beam experiments.   We believe that the 
cross section set of Tig. 7 comes much closer to meet- 
ing these conditions than previously available sets.   The 
bases for the choices of the various cross sections are 
as follows: 

(1) The momentum transfer cross section used is 
that of Hake and Phelps37 except at energies below 1 eV, 
where Qm(t) has been reduced in order to improve 
agreement with recent drift velocity data by Nelson and 
Davis. *0 Note that the differential elastic scattering 
cross sections given by Trajmar, Cartwright, and Wil- 
liams1' (hereafter referred to as TCW) give a much 
smaller elastic momentum transfer cross section at en- 
ergies above about 7 eV than the total momentum trans- 
fer cross section of Hake and Phelps.     On the basis of 
the beam data9 it seems unlikely that the inelastic con- 
tribution will be sufficient to account for the difference. 

(2) Rotational excitation (not shown in Fig. 7) is in- 
cluded by means of (a)  a set of resonances at the ener- 
gies of the Oj states, each with the energy integrated 
cross section as given by Parlant and Fiquet-Fayard41 

for el istic scattering, and (b)  an effective quadrupole 
moment" of 0.3 eal.   This rotational cross section is 
intended to give the maximum possible energy loss 
which could occur via resonance rotational excitation. • 
The set of resonances is entered using a single level 
approximation" to the large number of rotational levels. 
In the calculations of the electron energy distributions 
and the rate coefficients, the widths of the peaks are 
chosen consistent with the energy grid used in the cal- 
culations.   Note that for high mean energies it is nec- 
essary to replace the peaked cross sections with 
smoothed (averaged) cross secuons.   Because of the 
small resonance widths in Q., the contribution of this 
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process to the average electron energy loss is small, 
i.e., less than Si.   The effective quadrupole moment 
is determined by fitting drift velocity data40 at electron 
energies below the first resonance, i.e., below about 
0.09eV. 

If one uses the rotational excitation cross sections of 
Geltman ;uid Takayanagi" in the single level approxi- 
mation,'" one obtains very large energy losses to rota- 
tional excitation and very poor agreement with mea- 
sured transport data.   Since we do not know how to 
modify their cross section to predict rotational excita- 
tion at energies well above threshold, we will absorb 
any such excitation in the cross sections for higher en- 
ergy processes. 

(3) Three-body electron attachment is represented 
by an equivalent cross section (not shown) for an oxygen 
density of one molecule per cm   Iwsed on the integrated 
magnitudes of the electron energy dependent three-body 
coefficients of Spence and Schulz.44  The attachment 
resonances above the first are located at the same en- 
ergy as for vibrational excitation and the peak shapes 
are the same.   The lowest attachment resonance has 
been split into peaks shaped as calculated by Fiquet- 
Fayard.45  In order to fit the three-body attachment co- 
efficient data at thermal energies46 and at38'47 2xio-18 

<E/N< 10'18 Vcm2, the lowest energy pair of peaks was 
centered at 0.10 eV and the integrated magnitude lowered 
to 70 c of Spence and Schulz' value.   Note that for our 
purposes there is little point in splitting the higher en- 
ergy resonances.   As pointed out by Spence and Schulz,44 

the magnitude of the lowest attachment resonance changes 
with gas temperature so that the "activation energy" 
found by Truby46 cannot be used directly to calculate 
the location of the first attachment resonance. 

One reason for including the three-body attachment 
in the analysis is an attempt to obtain more informa- 
tion about the near-thermal behavior of the electrons. 
Such data would help make up for the lack of nT/ß data 
usually used to establish the energy scale.   The avail- 
able Di/n data from Nelson and Davis40 do not extend 
to sufficiently low E/N and do not differ much from the 
thermal value.   A second reason,  of course, is to make 
comparisons with the three-body attachment measure- 
ments by Chanin, Phelps, and Biondi,47 by Rees,47 and 
by Grünberg.38 

(4) Vibrational excitation at electron energies below 
4 eV is assumed to occur entirely by way of the O^ 
resonances, such as shown in Fig.  7 for excitation of 
the I' = 1 level.   The cross sections were obtained by 
choosing numerically convenient peak widths and, ex- 
cept for the first resonance, by raising the energy in- 
tegrated values given by Linder and Schmidt4 by a factor 
of 2.   Relative magnitudes not available from experi- 
ment were scaled from theory.41   These values are 
larger than those of Sperr . and richulz48 by about a fac- 
tor ol 20.   The energy >r,egrated magnitude of the first 
peak was increased to a'jout 250 times the theoretical 
value of Parlant and Fiquet-Fayard.41 These increases 
were necessary in order to fit experimental values of 
the transport coefficients, i.e., to fit plots of ^„/.V 
versus €, such as shown in Ref.  37.   The apparent need 

to incioase the Linder and Schmidt resonant cross sec- 
tion culd be caused by our neglect of "direct" vibra- 
tional "xcitation or by our use of rotational excitation 
cross sections which are much tuu small.   The former 
seemt; unlikely since Linder ;irul Schmidt saw no evi- 
dence lor significant direct excitation.   Additional ex- 
periments are necessary in order to determine the 
relative importance of rotational and vibrational excita- 
tion. 

At i lectron energies above 4 eV we have normalized 
the diiTerential excitation cross sections of Wong, 
Bone.-. , and Schulz49 to the integrated values given at 
a few i nergies by TCW. 

(5) '-'ross sections for electron excitation of the 
a 'A, cid ft lSj states of 02 are taken directly from the 
publibhed cross sections of TCW and of Linder and 
Schmi'it.4   As indicated in Sec. V. A, our experiment 
is noi -lensitive to the differences between the cross 
Sections given by TCW and by Konislii ei al.* With the 
addition of the a xAt and ft 'ij cross sections, the reso- 
nance type cross section between 4. 5 and 5.0 eV intro- 
duced oy Hake and Phelps37 was dropped. 

(6) With regard to two-body attachment, we first note 
that several authors'3 have revised their experimental 
two-body attachment coefficients upward because of the 
recognition of the need for correction due to anisotropic 
diffusion.   We have multiplied the dissociative attach- 
ment cross section of Schulz50 by a factor of 1.2 in 
order to improve the fit of calculated two-body attach- 
ment coefficients to the measured values at E/N> 3 
x IQ'16 Vcm2.   This procedure results in calculated 
values which are about 70^ of experiment at mean elec- 
tron energies near 2 eV, i.e., £AV~2xlO-18 Vcm*. 
As in Hake and Phelps," a number of different cross 
secti'in sets were tried in an unsuccessful attempt to 
obtain good agreement with experiment attachment co- 
efficimts for 10'18<£'/iV< 10'15 Vcm8 while retaining 
agreement with measured drift velocities and charac- 
teristic energies. 

(7) The cross sections for energy losses of 4, 5,   6, 
and 8. 4 eV involve a lot of guess work.   The available 
data Include determinations of total inelastic cross sec- 
tions by TCW and by Chantry51; trapped electron spectra 
by Schulz and Dowell52; differential and integral cross 
section data by Trajmar, Williams, and Kupperman5; 
cross sections for the production of uv radiation, such 
as Mumma and Zipf53; evidence for relative electronic 
excitation cross sections, such as Chantry54; and theo- 
retic.il papers, such as Cartwright et a/.55 and Watson 
et al. '" 

There seems to be general agreement5 that 
for electron energies above 15 eV, the 8.4 eV energy 
loss, presumably B 3s; excitation, exceeds the other 
nonlomzing energy loss processes by about an order of 
magnitude.   Accordingly, we have simplified our cal- 
culations by neglecting all processes with more than 
8.4 eV energy loss except ionization.   The ß'S cross 
section shown in equal to the total electronic cross sec- 
tions of TCW and of Chantry51 for energies below 45 eV 
and the energy dependence at high energies is from 
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Watson <■/rt/.3"  Trajmar, Williams, and Kuppertnana 

suggest that the dominant excitation process leading to 

the broad energy loss peak in the 4. 5-7. 5 energy range 

is excitation of the r lS; state and that this cross section 

falls rapidly with increasing electron energy.   The on- 

set of significant energy loss at 4. 5 eV is based on the 

trapped electron data of Schub, and liowell.52  We have 
chosen to represent the energy losses between 4. 5 and 

8.4 eV by two cross sections,  i. e.,  cross sections with 

4. 5 and ü. 0 eV losses.    The former was an attempt to 
represent the formation of excited 02 in bound vibratioiud 

levels of the c lS, state while the latter was intended to 
represent excitation of continuum states leading to the 

production of 0^1') atoms.   The results presented in 
Sec. V seem to require that both excitation processes 

result in bound excited states of 02.   The relative mag- 

nitudes of these two cross sections is completely un- 

known and only their sum is shown in Fig. 7. 

(8)   We have used the ionization cross sections mea- 

sured by Täte and Smith.58  The calculated ionizatjon 

rate coefficients are in satisfactory agreement with 

measurements except for the very recent results of 

Corbin and Fromhold.57 

Tabulations of the cross section set shown in Fig. 7 

are given in JILA Data Center Memo No. 3 (unpub- 

lished).   This memo also contains a data set in which 

the 8.4 (ß3S) cross section has been lowered at ener- 

gies beiow 20 eV in order to bring the W3_ excitation 

rate coefficient into approximate agreement with the 

rate coefficient for dissociation of 02 as determined by 

Smith and Austin.58  The cross section for the 6.0 eV 

loss process has been increased to a peak value of 1. 3 

x 10'16 cm2 at 12 eV so as to keep the total rate of elec- 

tron energy loss in agreement with experiment.   In this 

analysis the excitation of the 4. 5 and 6.0 eV loss pro- 

cesses does not lead to dissociation of Oj so that the 

resultant excited states cf 02 are available for collisional 

quenching to the b '£ state.   Thus, the low rate coeffi- 
cients for dissociation of O2 obtained by Smith and 

Austin are consistent with our rate coefficients for ex- 

citation of the b lI state. 
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Quenching of H2{A h
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|/=0,1) by N2, Ar, and H2 

D. Levron and A. V. Phelpsa) 

Joint Institute for Laboratory Astrophysics, National Bureau of Standards and University of Colorado, 
Boulder, Colorado 80309 
(Received 24 April 1978) 

This note presents improved measurements of rate 
coefficients for the quenching of the v = 0 and v = l levels 
of the i4(3S*) metastable state of Nj by N2, Ar, and Hj 
using very low levels of excitation and high gas purity. 
Designating the v = l and /■    0 vibrational levels of the 
i43S* state by A1 and Aa, respectively, our rate coef- 
ficients or their upper limits vary from agreement with 
published values1'2 for NjM0) quenching by H, to 100 
times smaller than published values1"3 for tyU0) and 
N^A1) quenching by Ar. 

Nitrogen molecules were excited by low energy elec- 
trons in the drift tube described in Ref. 4.   Following 
a pulse of applied voltage and resultant photocurrent the 
decays of the N2C4n) and ^(A1) densities were deter- 
mined from the intensities of the 0-6 and 1-9 bands of 
the A-X system5 near 276 and 320 nm, respectively. 

No emission was observed from N2(A
3S*, v>l) or from 

NO, 9.g., the 259.6 nm band.   The radiation was ob- 
served with a cooled bi-alkali quartz-window photo- 
multiplier using an//6. 3 monochromator with 2.5 nm 
(FWHM) resolution.   Photomultiplier pulses were ac- 
cumulated for about 10 min.   After several days bakeout 
at 150-200°C the pressure was below 10*' Pa.   The gas 
was changed frequently so that the outgassing of less 
than 3x 10*4 Pa h*1 could be neglected.   High purity gases 
(> 99.9995%) were held at liquid nitrogen (for N2 and H2) 
or dry ice (for Ar) temperatures for at least two hours 
before use.   Pressures were measured to ±0.25%.   The 
electric field to gas density E/N values used were 8— 
12X10"16 Vcm2forN, andN,-Hjand 1-1.5x10'" Vcm2 

for N2-Ar.   Quenching by N atoms or excited N2 was 
avoided by use of a short excitation pulse, e.g., a pulse 
length about equal to the lifetime of the NjU') metaata- 
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FIG. 1.   Decay conotants for the v =0 and v =1 levels of the 
NjW'rJ) state.   The • and ■ are decay constants for the.^' 
and A* levels in N:, while the T and A show data for the .A0 and 
A1 levels In Ar.   Note that the data shown for Ar have been 
corrected for the small (<30%) effect of quenching by Nj on the 
decay constant.   The curves are least-square fits to the data. 

ble, and by keeping the peak photocurrent and excited 
molecule densities less than 1.5x IQ*9 A/cm2 and 10* 
cm*9 for pure N, and about a factor of 3 smaller for 
Ar-N,.   Argon and hydrogen metastables decayed rapid- 
ly compared to N2U

3S) metastables. 

The molecular metastable density at late times de- 
creases exponentially with a decay constant hy y = A 
+ kN+ D/h7. Here A is the radiative transition proba- 
bility, k is the quenching rate constant, N is the quench- 
ing gas density, D is the diffusion coefficient, and A 
(1.18 cm) is the lowest mode diffusion length4 of the 
drift tube.   The counting rate minus background de- 
cayed exponentially over almost two decades. 

The upper sets of points in Fig. 1 show decay con- 

stants y0 and y, measured for the NjU") and NjU1) 
levels versus nitrogen density.   The smooth lines are 
least  squares fits of the formula for y.   The lower nets 
of points show values of ><„ and y| for N2-Ar mixtures 
after subtraction of the kN term due to the 1%-15% N, 
present in the mixture.   The A value of 0. 5 ±0.2 sec*1 

obtained from NjtA0) measurements in Ar-Nj agrees 
with shemansky's value6 and was used to analyze other 
data.   The diffusion coefficients at unit density were 
(5.0 ± 0.3)x 10" cm"1 sec'1 for tf^A") in N, and Ar and 
NjtA1) in N2 and (5. SiO^xlO" cm*1 sec*1 for NiU1) In 
Ar.   The N2 value agrees with previous measure- 
ments. 7•, The rate coefficients for NjU") and J^U1) 
de-excitation by H2 were obtained by fitting r - kn\Ht] 
+ C to the decay constant data when H2 was added to N,. 

Quenching rate coefficients from Fig. 1, the HJ-NJ 
data, and recent publications are summarized in Table 
I,   Our coefficients for tyU0) quenching by N2 and Ar 
are believed to be upper limits due to impurities ad- 
mitted with the gases.   Our upper limit for N2(.40) 
quenching by N2 is about four times faster than obtained 
by reanalysis of data by Bromer and Spieweck.8 Since 
quenching of ^04°) and N2(A

1) by oxygen greatly exceeds 
that by H20, etc., 1,2•' the rate coefficients In Table I 
listed under "final *" for N2(A

1) in N2 and Ar are ob- 
tained by assuming that N2(/i

0) quenching in N2 and Ar 
is caused by 02 and by using measured relative quench- 
ing coefficients to correct for quenching of NjC-i') by Ot. 
The corrected rate coefficients shown have large uncer- 
tainties because of disagreements among the published 
Ojdata.1'2'9 

In Table I quenching rate coefficients obtained by ex- 
citation transfer1'2 or photoionization"1 techniques are 
assigned to the more slowly decaying N2(A

0) level.   This 
asshmment leads to agreement between our value and 
published data1'2 for N2(A

0) quenching by fy.   On the 
other hand, the agreement between our value for N^CA") 
quenching by N2 and the quenching coefficient obtained 
for i\2(A0, A1) by Vidaud ei al.10 suggests that their photo- 
ionization technique is level selective. 

Experiments to be reported later show that the N2(A
l) 

molecules are deexcited to N2(A
0) by H2 and N2 as pro- 

posed by Noxon1' for N7.   The available measurements 

TABLE I.   Quenching rate coefficients at 300'K in cm3   molecule"'  sec"1. 

Excited 
State/Quencher Measured k Final *• Previous k 

N2(AVN2 

N2t4
,)/N2 

N|{4VAP 

N2(i4')/Ar 
N2(i40)/H2 

NIUVH, 

(2.0t0.6)(-18)b 

(4.3*0.2)(-17) 
(1.8±0.2)(-19) 
(1.8t0.2)(-18) 
(2.4*0.3)(-15) 
H.4i:0.4)(-14) 

<2.6(-18) 

•17) (3.8±0.4)(- 
<2.0(-19) 
(1.3±0.3)(-18) 
(2.4±0.3K-15) 
(4.4±0.4)(-14) 

<1(-17).1 •eH^-ie)' 
<6(-ly),, (4.5±1.2)(-17),0 

<4.4(-16)l
, ~4(-19)1, 

<1(-17).1 <7(-15): 

(2.1±(».8)(-16)a 

SC-IS).1'2 I.^-IS)' 

»These values for Nj(Al) quenching by N2 and Ar are correoted for estimated quenching by 0| 
while the values for N2(i40) quenching by N2 and Ar «re the upper limits of the measured 
values. 

"(2.0±0.6)(-18) means (2. 0±0.6) xio"11. 
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in Ar-N,, mixtures do not allow us to determine the state 
of the product of quenching collisions. 
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High-power discharge in Na-Xe vapor 
H. L. Rothwell.8* D. Leep.b) and A. Gallagher^ 

Joint Institute for Laboratory Astrophysics, University of Colorado and National Bureau of Standards, 
Boulder. Colorado 80309 
(Received 2 March 1978, accepted for publication 5 April 1978) 

High-power (10-100 MW/liter) pulsed discharges in Na-doped Xe vapor have been studied at Na 
densities of 10"-10" cm"3 and Xe densities of I0"-10M cm ', as appropriate for excimer-laser use. 
Stable steady-state discharges are obtained for a number of microseconds m ■ small-volume cell, without 
use of preionization or sustainers. This stability is attributed to the observed positive V-l characteristic 
Measured spectra are interpreted to yield Na excited-state densities, and the implications for a potential 
excimer laser are discussed. 

PACS numbers: 52.25.Ps, 52.80.-s, 42.55.Hq 

I. INTRODUCTION 

Continuous discharges in alkali vapors, often m.xed 
with a noble Ras or Hg, have been studied for many 
years because of their importance in iightinR.1 These 
discharges, or arcs in some cases, are characterized 
by nearly identical gas, excitation, and electron tem- 
peratures in any local region. High-power visible 
tunable excimer lasers2 and metal-dimer lasers3 based 
on these same gas mixtures have been proposed, with 
the possibility of efficient transfer of energy to the 
losing states an attractive feature. In these proposed 
laser systems, the excitation temperature must greatly 
exceed the gas temperature to achieve net gain, and 
required discharge power densities are typically 
102 MW liter, more than 104 times that encountered 
in lighting. To maintain approximately the initial gas 
temperature at these power densities for even a few 
microseconds, a high-density ( > 1019 cm"3) buffer gas 
is required as a heat sink. In the proposed metal- 
noble—gas excimer lasers, the buffer gas also forms 
the excimer molecules, with the high densities also 
being necessary to yield useful gain coefficients for 
these weakly bound excimers. The high power, high 
density, and relatively high excitation temperatures 
{ ä0.5 eV) necessary for lasing action increase the 
possibility of arcing or discharge instabilities. To 
establish the viability of these potentially valuable 
lasers, the electrical and optical properties of high- 
power pulsed discharges must be determined. We re- 
port here our measurements of these properties in a 
small-volume prototype system. Modeling of the plasma 
processes is also underway for comparison to these 
measurements.4 

We report here studies of a Na and Xe mixture. This 
is an interesting laser candidate, the NaXe (excimer) 
and Naj (dimer) bands are well understood, and the 
important gas and electron collisional properties are 
better known for Na than for the other alkalis. Studies 
of other mixtures are also under way, with results for 

•>Present address: Physics Uept.,  Denver University, Denver, 
Colo. 80210. 

b>Present address: Physics Dept,,  University of Washington, 
Seattle, Wash. 98195. 

c,Staff Member, Quantum Physics Division, National Bureau 
of Standards. 

a TlXo discharge system in preparation. Additional 
details of the apparatus measurements and results can 
be found in Ref. 5. 

II. APPARATUS 

A sketch of the gas cell and discharge region is 
shown in Fig. 1. Temperatures ranging from 350 to 
500'c are used to maintain Na in the desired saturated 
vapor density of 101B to lO18 cm*'. The temperature is 
moniinred by a thermocouple affixed to the base of the 
anode. Measurements of the absorption-line profiles 
of the Na resonance lines were carried out to determine 
the number density of Na atoms. Our results agreed 
to within the experimental uncertainty of ±50% with the 
published vapor pressure,6 and the latter were used 
throughout the experiment to convert cell temperature 
to sodium concentration. 

19 mm 

(b) 

FIG, 1. (a) Discharge cell: A, stainless cap; B, quartz Jack- 
et, indium soldered to the top cap and bottom flange; C, water 
cooling. D, heater colls; E, firebrick enclosure; F, quartz 
window     G, bottom flange and anode base with indium gasket 
seal; H, anode support (Kovar); I, cathode support (Kovar); 
J, Sapphire tube; K, pump out and gas inlet, (b) Cross section 
of dlsch.irge region, drawn to scale for a 5.3-mm gap. A, 
sapphire tube; B, cathode (molybdenum); C, anode i,.~-, . '- 
num); D, discharge positive column; K, cathode bright sj.')t; 
F, viewed region for diagnostics of positive column. 

'-. 
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Since Na vapor reacts with Pyrex and quartz, a 
sapphire sleeve is used to help confine the vapor to the 
discharge region. The ground ends of the sapphire are 
in mechanical contact with the Kovar electrode sup- 
ports and do not make a vacuum seal. 

An initial quartz-metal sealing configuration em- 
ploying rubber O-rings was unreliable, and air im- 
purities in this cell, estimated as ~101B cm"s, were 
observed to cause ~509f reduction in the excimer-band 
light output during the discharge. An indium solder 
quartz-metal seal is used in the present cell and im- 
purities are deemed insignificant in the data presented 
below. A distillation procedure for the Na was also used 
as a precaution, but identical discharge operation was 
obtained using a chip of freshly cut Na placed on the 
anode just prior to final assembly. In addition the 
research-grade xenon was passed through a baked-out 
titanium sponge before entering the gas cell. 

The discharge region is viewed through four windows 
in the oven wall. Tie physical appearance of the dis- 
charge can be photographed with a camera which is 
not used for quantitative measurements . The time 
dependence of light emitted from region F in Fig. 1(b) 
is monitored by photomultiplier tubes, each detecting 
a wavelength region defined by an interference filter. 
The filters are chosen to include a wavelength region 
in the NaXe excimer band (670 nm) and one at the Na 
resonance lines. The rise time of the associated elec- 
tronics is 20 nsec. The spatial-intensity distribution in 
region F in Fig. 1(b) is measured with an SIT vidicon 
tube, which records the total light emitted in the 630— 
640-nm wavelength region during a discharge pulse. 
The discharge spectrum is measured with a scanning 
0.5-m spectrometer with ~3-Ä resolution. The as- 
sociated photomultiplier output is sampled in a specific 
time interval, typically centered at 2 psec after onset 
of the discharge. Repetitive discharges are necessary 
for accumulation of a spectrum; the discharge repetition 
rate is limited to 10 Hz to avoid possible gas heating. 
The spectral sensitivity of the spectrometer and the 
photomultiplier sensitivities, as filtered, are mea- 
sured using a diffuse reflector, illuminated by a cali- 
brated tungsten iodiode lamp, in place of the discharge. 

The interelectrode current and voltage are monitored 
by a commercial current transformer and high-voltage 
probe. These and the photomultiplier outputs are dis- 
played on an oscilloscope; the time resolution is ~20 
nsec. 

III. DISCHARGE STABILITY 

In order to allow comparison to steady-state models, 
we h?ve maintained the discharge in a current-re- 
gulated constant-current mode for several micro- 
seconds following initial preionization.  Preionization 
by a uv flashlamp and by multiphoton ionization with a 
dye laser was investigated but found to be unnecessary 

to maintain discharge stability. For the data presented, 
the discharge was initiated by applying a voltage of 
~4 kV across a 0.5-cm gap, using a current-regulated 
pentode tube circuit. After 0.2—1 Msec, depending on 
densities, the current increased rapidly and discharged 
the electrode capacitances. Following ~1 /isec of 
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FIG. 2.  rime dependences for a i-nsec discharge. Light in- 
tensity from zone F in Fig. 1(a) at 562 nm (through a 0.5-nm 
half-width filter), total interelectrode voltage, and total dis- 
charge current are shown for (Nal = 6. 3x 1015 cm'3 and [Xel 
= 4.4x10'» cm*5. 

ringing, the voltage settled in the neighborhood of 100 
V with (he discharge current regulated at 1—20 A. The 
curreni, voltage, and light output for a representative 
set of conditions are reproduced in Fig. 2. 

As run be seen in Fig. 2, the discharge voltage 
slowly sagged during the (constant current) discharge 
pulse. The gas heating during this 4-^sec 130-A/cm8 

pulse is ~70oC in region F of Fig. 1(b). As an example 
of a longer discharge, a 7-A/cm2 pulse was held on for 
-100 /usec, representing a gas heating of ~200oC in 
region A. These pulses were terminated to protect the 
curren(-regulating tetrode, so these values represent 
lower limits to the feasible energy deposition. 

Initially, molybdenum button electrodes were used. 
Using only Xe vapor at 1019—lO20 cm-5 density, a single 
filamentary arc would discharge between the electrodes 
as is normally observed in pure noble gases, But at 
[Na]> 1014 cm"s, the discharge homogeneous'/ filled 
the volume between electrodes at a current 7^0.5 A. 
At /^ 1 A, the discharge would spread out from bright 
cathode spots, with the number of spots increasing with 
/. With the onset of cathode spots, the cathode fall 
voltage dropped from ~150 to ~ 20 V. In order to con- 
trol the positions and number of cathode spots, a 
conical molybdenum cathode of 90° full angle and buffed 
to a rounded point was then used. This cathode, com- 
bined with a 5-mm-diam flat anode was used for the 
results reported here. The electrode gap was nor- 
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FIG. 3. Discharge intensity per uult 
frequency interval for two discbarge 
conriftion«. Top spectrum: (Nal = 6.8 
x lO16; (Xe) = 2.8 x 10" cm"3; current 
density * 7 A/cm'; interelectrode volt- 
age =» ICO V. Bottom spectrum: K+ G, 
from an 8-mm-wide 2-mm-high zone 
that includes the cathode bright spot; 
G, from region F in Fig. Kb), in the 
positive column; K, difference between 
K + G and G spectrum, attributed to 
cathcde bright spot.  (Na) = 6. 3x10" 
cm"3; [Xe] = 4.4xl0"om"5, current 
density a 130 A/cm2, £/JV=.3 
x 10-" V cm2. The Najt4-Jf) bands, fro» 
a thermalized A state, at the indicated 
temperatures, are from Ref. 9. 

«00     «90 
WAVELENGTH (nm) 

mally 5.3 mm, except for a respacing to 10.0 mm to 
establish the fraction of the total voltage attributable 
to the cathode fall. At all [Na], [Xe], and currents 
(?—20 A) studied, the discharge spread out from a 
small bright spot at this cathode point into a homo- 
geneous volume discharge, as indicated in Fig. 1(b). 
The width of the discharge in the glow region (region F 
in Fig. Kb)] was measured and found to increase with 
increasing / and decreasing N, with *he anode size 
clearly limiting the discharge area in tome cases. The 
size of the bright cathode spot and the widths of the 
glow-discharge region were essentially constant during 
the several microseconds of discharge. 

IV. RESULTS 

The emission spectrum is shown in Fig. 3 for two 
discharge conditions. The contribulior of the NaXe 
A-X. band,7 the 4SS-XS band," and the Na2 A-X band9 

are identified in Fig, 3 along with lines from higher- 
lying Na levels. The lop spectrum is from the/< 0.5 A 
homogeneous glow mode (current density ~7 A/cm2). 
With the exception of a few Xe I lines beyond 800 nm 
and a trace amount of potassium, all emission from 
this discharge is attributed to excited Na. In the lower 
half of Fig., 3 spectra from two different spatial re- 
gions are compared. The solid-line curves G are re- 
presentative of a high-current-density (-130 A/cm2) 
discharge spectrum for light emitted from the positive 
column region, region F in Fig. 1(b). The curve labeled 
K + G is typical of light originating from a ~ 2-mm-high 

4-mm-wide zone that includes the cathode. Since light 
from outside the cathode spot is included in this, we 
have estimated the spectrum of the cathode spot by 
subtracting the spectrum of zone A, normalized to re- 
move the Na lines in the K + G spectrum. This yields 
the line labeled K, which is assumed to characterize 
the cathode spot. This spectrum looks like a thermal 
continuum and is similar to a high-pressure Xe flash- 
lamp spectrum. 

The dotted I'.ne labeled NaXe is the shape of the A-X 
band, as measured in Ref. 7 and adjusted to our oper- 
ating temperature. The minor difference in the shape 
of the dotted curve could be due to an elevated vibra- 
tional temperature of the NaXe* A state. This could 
be duo to electron collisions with NaXe* plus gas 
heatin;,'. 

The regular intensity undulations in the 720—780-nm 
region in Fig. 3 are attributed to the Naj A-X band, as 
they match the expected positions of the A-X band 
peaks ' The emission spectrum from the Na, A state 
with an 850-K thermal-population distribution is shown 
in the top and bottom of Fig. 3, with an intensity suffi- 
cient to explain the observed intensity undulations in 
each case. In order to explain the total intensity is the 
720-H00-nm region for the 130-A/cma case, we then 
need tu postulate an additional broad continuum, with 
intensity -4 in units of Fig. 3; this appears consistent 
with the observed intensity in the 470—550-nm region. 
However, the 720—800-nm intensity could also be at- 
tributed entirely to a Na, A-X band from a thermal 

4398 J. Appl. Phys.. Vol. 49, No. 8, August 1976 Rothwell. Leep. and GaHagher 4398 



I 

A-state population distribution at ~1100 K, as shown 
in the bottom of Fig. 3. Such an elevated-temperature 
distribution could easily result from A-state collisional 
destruction before complete vibrational relaxation. The 
broad feature observed at 810 nin In both spectra may 
also be the Na, A-X band satellite,'' but as can be in- 
ferred from the two Na, bands shown in Fig. 3, it is 
necessary to invoke a nonthermal .A-state population 
distribution to explain both the satellite intensity and 
the magnitude of the intensity undulations in either 
spectrum. The actual Na2>l-Xband intensity thus re- 
mains somewhat uncertain, and one cannot tell if Na^ 
A-state atoms are being depleted relative to NaXe 
A-state atoms at the higher current densities. Such 
depletion of Naj X- and A-state molecules is expected 
to occur at high current densities, due to electron- 
collisional dissociation of the X and A states. 

The discharge is cylindrically symmetric, and for 
most conditions the observed spatial distribution of the 
light from the positive column is close to that given 
in Fig. 4. Minor asymmetries are attributed to re- 
flections from the sapphire and quartz cylinders, and 
for a given set of conditions this distribution was re- 
producible to ± 10% from shot to shot. This observed 
distribution is compared in Fig. 4 to that which would 
result from an emission intensity per unit area given 
by a uniform cylinder and by a Gaussian distribution 
in r, the off-axis dimension. As can be seen in Fig. 4, 
the measured distribution is between the two approxi- 
mations. We have converted total intensities to inten- 
sities per unit area and total current to current den- 
sity j by dividing by svW2, corresponcmg to the cylindri- 
cal approximation. When the half-widths W and total 
intensities in the two idealized distributions are matched, 
as in Fig. 4, the intensity per unit area on axis is 6% 
lower for the Gaussian distribution. Thus, the uncer- 
tainty in using this approximation to obtain the axial 
intensity and current density is less than 10%, quite 
negligible compared to other uncertainties. 

Absolute-intensity measurements of the NaXe A-X 
band, from region F in Fig. 1(b), are reduced to a 

10 

FIG. 4. Transverse intensity distribtuion (solid lines) that 
would be observed for a cylindrically symmetric source with 
brightness per unit volume given by the dashed lines, i.e., 
distributed either as a uniform intensity cylinder or a Gaussian 
distribution. The off-axis dimension is x, W is the observed 
width at half-height, and the total current is the same for both 
distributions.  TTie measured intensity distribution at 670 nm 
for (Nal = 4xl015 cm-",  [Xel=5x lO19 cnT5, and 7=95 A/cm2 Is 
indicated as dots. 

Na 3P density [Na(3P)] using the normalized emission 
data of Ref. 5 and the effective area described in the 
previous paragraph. From this density, calculated 
iransuron probabilities,>0 and the discharge cross- 
sectioial area we can establish that, except for the 
4S-3P md W-3P transitions, the nS-3P and nü-3P 
lines in Fig. 3 are optically thin. The total intensity 
from these line shapes thus equals [NaCnS)]^.,,, and 
[Na^lfT^.jp, where T is the spontaneous-emis- 
sion rate. The resulting axial densities of various ex- 
cited Na states, divided by their statistical weights, 
are plotted in Fig. 5 for two current densities. A lower 
limit to the residual (un-ionized) [Na(3S)] in the dis- 
charge can be obtained by subtracting the electron den- 
sity w,, obtained from the measured current density 
and calculated mobilities,4'11 from the initial Na density 
[Na]0. Some of the electrons may result from Xe ioni- 
zation, but as n,/[Na]0 < 0.35, this is not a major un- 
certainty. The resulting residual Na densities as well 
as [Nai0 are plotted in Fig. 5. It is noteworthy that for 
each ; thn measured populations fall nearly on a straight 
line corresponding to a single excitation temperature. 

By varying the electrode gap the voltage drop at- 
tributed to the cathode fall has been determined to be 
-15 V, out of a typical total voltage drop of 50 to 100 V. 
Thus, the electric field E in the positive column is 

FIG. 3. Ratio of exclted-atate population to statistical weight 
as a function of energy above the ground state, for (Xel 
= 4.5   10" cm"', an initial lNal = 6. 3^ 1015 cm-* (o), and cur- 
rent density =» 130 A/cm2 (•); 13 A/cm2 (x). The density of 
[Na(;i.s)l during the discharge is indicated as <•) or (x); the 35, 
3P, and tC, n = 4—8 state population are given. The straight 
lines correspond to 0.38- and 0.33-eV excitation temperatures 
in the 130- and 13-A/cm2 cases. 
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[Na(3/»))/[Na(3S)l for the same data, where lNa(:!.S)|= (Nal0-n,. 

known from the electrode voltages. In Fig. 6 E/N and 
lNa(3P)l/[Na(3S)j are plotted as a function of j/N for the 
range of conditions covered in the experiment (A^ = [Xe]). 
Since the discharge area increases with cell current 
(/). j does not cover as large a range as /. An extremely 
valuable result displayed by Fig. 6 is the positive-re- 
sistance characteristic of the discharge, a condition 
that seems to be closely connected to the absence of 
discharge instabilities and the spreading of the dis- 
charge with increasing /. 

V. CONCLUSIONS 
The ratio [Na*(3P)l/[Na(3S)|0~0.01 achieved in the 

discharge (see Fig. 6) is insufficient for net optical 
gain on the A-X band at X ~700 nm where the gain co- 
efficient is relatively large {i.e., [Na'MlNaJ-'Of/V*) 
exp[- h{v - u0)/kTl must exceed U. ^•3 There is net gain 
on this band in the 800—900-nm region, but the gain 
coefficient is quite small.12 When Na(3S) depletion is 
allowed for, as in the lines in Fig. 6, it appears that 
[Na*(3P)]/[Na(3S)] might reach the desired 0.03 to 
0.05 values at jS0/N> 103 Acm"2, but the gain coef- 
ficient would be small due to neutral Na depletion, and 
efficiency would probably be very low. 

We have not measured the Na*(4S) density, but if it 
is assumed to fit on the line in Fig. 5, then using the 
same criteria based on h(v-v0)/kT, where hva is the 
3S-4S transition energy, [Na,(4S)]/[Na{3S)l is also 
insufficient for net gain on the ASZ-XZ band. If Na 
could be introduced at similar densities but lower gas 
temperatures (e.g., using volatile Na-containing 
molecules or gas flow), net gain and a larger gain co- 

efficient could be achieved on the A-X and 4SS-JCC 
bands   However, this is an added level of complexity 
and p<   sible accompanying problems with the discharge 
behavior might occur as well. 

The single effective excitation temperature observed 
for all Na excited states is quite surprising in view of 
the competing processes of collisions with energetic 
electrons, having a high effective temperature, and 
cold-gas collisions. Detailed models for the electron- 
energy distribution and excited-state rate equations 
are being used in an attempt to understand these re- 
sults, and publication of these is planned.4 

Na^ l-state and .K-state depletion at the higher cur- 
rent densities was expected on the basis of estimates 
of the Na2 and Na^ electron-colhsional dissociation 
rates. ' Due to uncertainty in the Naj A-state popula- 
tion distribution the observations are not definitive on 
this issue. For the higher ; case in Fig. 3, the Na, 
A state may be more depleted, relative to the NaXe 
A stale, than in the lower ; case. However, the data 
could .ilso be explained by a hotter A-state vibrational- 
popuhuion distribution. In the absence of this depletion, 
absorption by Naa in the 700-nm region would be very 
serious, even if net gain were achieved on the excimer 
band. This depletion of a minor but relatively strongly 
bound molecular constituent can often be a problem for 
excinur lasers, so such depletion has broad implica- 
tions. Minor molecular constituents only reassoclate 
slowly following electron-collisional dissociation, due 
to the small density of the appropriate atomic species. 
(That the molecular form is favored at equilibrium re- 
quires that they are dissociated very slowly by gas 
collisions.) Electron-collisional dissociation can be 
expected to severely deplete many strongly bound but 
minor constituents in high-power discharges. 
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Electron excitation rate coefficients for N2 are impor- 
tant to the development of models of N2 lasers,' gas dis- 
charges2 and ionospheric phenomena3 and in determining 
electron collision cross sections,4"7 Although cross 
sections for the excitation of the N^C3!!,,) state have 
been measured by a number of authors,' there are only 
a few measurements of excitation rate coefficients.8*9 

This Note presents measurements of this excitati )n rate 
coefficient obtained using the drift tube technique used 
for 02(b

lX't) molecules10 and NjU3^*) molecules.11   We 
also recommend a set of electron-N, collision cross 
sections. 

Excitation rate coefficients for the C3!!,, state were 
obtained from measurements of the absolute intensity of 
2nd positive system12 emitted when electrons drift 
through N2 in the presence of an electric field E.   T^he 
drift tube, detector calibration and data analysis pro- 
cedures, and corrections for nonuniform detection sen- 
sitivity, ionization, '3 etc. are described in Ref. 10. 
The interference filter was replaced by an//6.3 mono- 
chromatur with a resolution (FWHM)of 2.5 nm in order 
to resolve the 2nd positive and Vegard-Ka-Ian bands.12 

Most of the measurements were made with 5% Hj and 
95% N2 in order to maintain electron emission by the 
gold-paladium photocathodr.11 

The observed band emission is analyzed by first 
writing a rate equation, e.g., Eq. (3) of Ref. 10, for 
the density n, of each vibrational level of the C state. 
When these equations are added, vibrational relaxation 
terms cancel.   The radiative transition probabilities 
are nearly independent of the "ibrational level, 1*'u i.e., 
i4J = :;4,i = 2.7xio7 sec'1, and diffusion effects10 are 
negligible.   The assumption that collisional quenching 
coefficients are independent of the vibrational level leads 
to a simple relation for the total C-state density, i.e., 

*       *U*U ~ «?U< + *>r) 
(1) 

Here the Su, gu and Au are the signal generated by the 
detector per unit volume of the source, the detection ef- 
ficiency, and Einstein coefficient for the transition be- 
tween the tth vibrational levels of the C state and ;'th 
level 'if the B,nt state, (a/NT)c is the excitation coef- 
ticien: per unit distance of electron drift10; e and J, are 
the electron charge and the average current density; 
kqNr   ktllN+ktH[üi] is the reciprocal lifetime against 
quenching by nitrogen *(* and by hydrogen &(H; and NT, 
N and [H2j are the total, nitrogen and hydrogen densities. 
See Ref. 10 for details of the spatial averaging, etc. 
The measured Su were for bands near 337.1(0-0), 
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FIG. 1.   C'n,, excit-nlon {,a/NT)c and ionization (o/AT), coeffi- 
cients for electrons in N2.   The expfi imental points and authors 
are:   «this work, A—Legier, V—l/rosevic W a/., o—Haydon 
and Williams. The solid and dashed lines are from calculations 
using the recommended set of cross sections (see text). 

315.9(1-0), 297.7(2-0) and 389.5(3-6) nm.   Their rela- 
tive intensities at low N;, densities agreed well with 
previous measurements,fl,,:! which were used to estimate 
the small contribution of higher levels.   A plot of 
J, N^Zn,)'1 vs NT at E/NT = 1 x 10"" V-m2 yields *,. 
Values of (a/NT)c were then calculated using Eq, (1). 
The (a/NT)c values were independent of electron current 
for 1.6xlO'5< J#< 10'4 A/m2.   The nitrogen density was 
varied from 3x 1022 to 6x 1023 m"3.   A measurement in 
pure N2 at E/N= 1 x lO"19 V-m2 yields an (a/tf)c value 
which is indistinguishable from the corresponding 
(a/NT}c value in the HJ-NJ mixture.   We have therefore 
dropped the subscript T from the (a/NT)c vs NT/E data 
shown in Fig. 1.   Empirically, the measured {a/N)c are 
fitted by (6.5 ±0. 5)x KT20 exp( - 5.5x io_'9/(£/A0]m2 for 
£/Ar<2xl0M9 V-m2. 

Our *, value of 2. ixiO"17 m'/sec for 5% H2-95% Nj, 
is larger than, but consistent with, *tAr = 1.3x 10*" m3/ 
sec calculated from pure N2 data of Legier.' It is not 
consistent with the values for v = 0 levels from Uro§evi£ 
et a/.9 or Becker et al.u Collision cascading from the 
E state15 does not affect our k, value. 

Figure 1 shows that our values of (a/N)c agree with 
those measured by Legier. * Agreement with the mea- 
surements by Urosevi<5 et al.* is good only at their 
lowest E/N.   The solid curve of Fig. 1 shows our appli- 
cation of the techniques of Ref. 4 to the calculation of 
(a/N)c values.   The final cross section set included: 

(a) momentum transfer cross sections from Ref. 4 for 
electron energies c below 10 eV and the sum of the elas- 
tic and inelastic momentum transfer cross sections of 
Cartwi i ;ht: for c>10 eV; (b) rotational and near-thresh- 
old (»• 1.5 eV) vibrational excitation cross section« 
from Ref. 4;   (c) these vibrational excitation cross sec- 
tions for 1.7 < < < 5 eV inc reased by the factor of 1.9 
previously found necessary to fit measured excitation 
rate coefficients for the .-l3^* state11; (d) cross sections 
for the C and £ states from Cartwrlght et al.7 plus a 
sharp peak near the £-state threshold"; (e) the other 
electronic excitation cross sections of Cartwrlght et al. 
multiplied by 0.8; and (f) ionization cross sections total- 
ing to that of Rapp and Englander-Golden. •' Calculated 
curves of {a/NT)c vs E/Nr for 5% H2-95% II2 and of 

_      {a/N)c vs E/N tor pure N2 differ by less than the experi- 
mental scatter.   Agreement between calculated and ex- 
perimental {a/N)c is good at low E/N.   The higher E/N 
data suggest a need for additional excitation of the C 
state.   Cascading from the £ state contributes -10% to 
the (a/.V)c values. 

The calculated ionization coefficients of Fig. 1 were 
brought into agreement in magnitude with experiment13 

by applying the 0.8 factor to most of the excitation cross 
sections.   The more rapid variation of calculated (a/N), 
than experimental {a/N)( with N/E appears to result 
from adjusting the vibrational excitation cross section to 
obtain a fit of calculated and measured A-state excita- 
tion coefficients, i.e., earlier calculations1'4'b agree 
with experimental (u/AO, data but greatly overestimate 
a/N values for the A state.11  Efforts to improve the fit 
between calculation and experiments for N2 are continu- 
ing.10 In the meantime the present cross section set 
gives reasonable agreement with five different electron 
swarm coefficients, i.e., drift velocity,4 characteristic 
energy.4 A-state excitation,11 C-state excitation and 
ionization.ls 
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h this chapter wc consider diatomic excimer molecules (AH) in which a Group 
l. II. or III metal atom is the radiative species (A). Group II metal atoms can 
play the role of a noble gas (Ö), since they have lS0 ground states and have 
predominantly repulsive interactions with ground-state atoms. Thus Group II 
and VIII atoms will be included in the class of "ß" atoms and we have divided 
the discussions of specific systems into th • six cases of Group I, II, or III atoms 
paired with Group II or VIII atoms. 

These metal-based excimer molecules share several important charac- 
teristics. First, their excimer bands arc on the wings of the metal-vapor lines; 
hence the important bands from the ground to first excited states are generally 
in the visible or near uv and ir wavelength regions. Next, many of the excited 
states AB* associated with these bands are weakly bound (i.e., by less than 
10 kT). With the partial exception of Hg, elevated temperatures arc necessary 
to obtain adequate metal vapor pressures for reason-uile gain coefficients and 
high powers. An associated engineering problem is a frequent reactivity with 
window and gasket materials. I inally, the lowest excited states of the metal 
atoms generally have excitation energies of less than half their ionization 
energies. This has important consequences for the electron collisional cross 
sections wi ich determine the efficiencies of potential t-beam or discharge- 
excited high-power lasers. In particular, as noted in Sect. 5.3 below this may 
allow the possibility of efficient, high power, dirsct electric discharge lasers. 

The weakly bound character of many metal-based excimers has a profound 
effect on their optical properties as a laser medium. It results in a low-gain 
coefficient per excited metal atom, homogeneous broadening across the 
excimer band, rapid transitions between excited atoms A* and the associated 
excimer molecules AB*, the necessity of a high "noble gas" density, and 
relatively stringent requirements on the fractional excitation of the metal atoms 
necessary for net gain. The optical properties of such weakly bound excimers 
can be characterized by some very simple and relatively universal relations, 
which are discussed in Sect. 2.12. These are also described in Sect. 5.1, wiiich 
discusses the excimer vibrational-rotational population distributions, relations 
between stimulated and spontaneous emission and absorption, and the con- 
sequences of the classical Franck Condon principle and homogeneous 
broadening. These discussions, in fact, apply with very minor modifications to 
many strongly bound excimers as well, and this generalization is discussed 
therein. The results of Sect. 5.1 are applied in Sect. 5.2, which discusses those 
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metal-based exeimers for which we have Information. The last section discusses 
potential excitation methods and their potential efficiencies, witli emphasis on a 
prototype example of discharge-excited Na Xe. 

The weakly bound character of many metal based excimcis leads to the 
possibility of high power levels, resulting from the low gain coefficient and 
homogeneous broadening, and high pulse energies due to the high-pressure 
noble-gas heat sink. (Some of the more strongly bound cases such as Hg2 also 
have small gain coefficients in the bands associated with the lowest excited 
states) However, the low gain coefficients combined with the possibility of 
spatial variations in the index of refraction associated with the high pressure 
gas make these systems difficult to develop into successful lasers. Some 
promising candidates are now under study, particularly 11 Hg, hut laser action 
has yet to be demonstrated. 

5.1 Optical Properties 

5.1.1 Vibrational-Rotational Population Distribution in l-ligh-Pressure Gases 

We consider one or more relatively low density molecular species in the 
presence of a high pressure atomic gas, with energy deposition by an electron 
current, a high-energy electron beam, an external light source, or some 
combination thereof. A major fraction of the deposited energy is presumed to 
go into electronic excitation, ionizalion, and gas heating. 

Vibrational and rotational excitation also result from electron collisions 
and molecular fluorescence. Collisions of the excited molecules with the high- 
pressure gas drive excited vibrational and rotational populations toward 
equilibrium with the gas-kinetic temperature, so these forms of energy de- 
position also go ultimately into gas heating. 

For light, strongly bound molecules, the vibrational separations are so 
large that slow atomic collisions are inefficient at relaxing bound-state 
vibrational populations. The present discussions will be primarily aimed at 
heavy, large and/or weakly bound diatomic molecules in which the vibration 
spacings are small and the vibrational relaxation probability is high. Factors 
which often contribute to this rapid vibrational relaxation arc attractive long- 
range interactions with ihe atomic buffer gas, combined vibration-rotation 
transitions, and a high probability of many vibrational steps in a single heavy- 
particle collision once the single step probability is high [5.1]. Typical 
vibrational relaxation times thus correspond to only a few gas-kinetic col- 
lisions, and at the typical inert gas densities [ß] of l02Ocm 3 proposed for 
laser, this corresponds to a I0"''-I0" l0s relaxation time. By comparison 
radiative rates for visible atomic transitions and their associated excimer bands 
arc generally 10 8 s or longer, while radiative trapping further decreases the 
effective radiation decay rate for resonance transitions. If excimer vibrational 
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excitation rate coefficients by electron impact, of which we ha\e no direct 
information, were similar to those of the stable molecular gases then they would 
typically be -> 10 times smaller than for electronic superclastic collisions and 
the latter will limit the time available for gas vibrational relaxation rates for 
"e/[ö] ^ '^ ' The proposed discharge excited laser systems (Sect. 5 3) typically 
utilize electron densities a factor of I 100 smaller than this. Thus, in the models 
considered below, vibrational and rotational relaxation rales will generally be 
assumed to be faster than the electron collision and radiative rates with which 
they compete. I he distribution of population within (he vibr.itional and 
rotational states will be characterized by a temperature. The gas kinetic 
temperature will normally be used, although a somewhat higher effective 
temperature could be used if relaxation is not complete. This applies to the 
strongly bound as well as the weakly bound excimers as long as (hey do not 
involve light atoms such as M or Me and the buffer gas densities are in the 
typical 102ücm 3 range. On the other hand, the total bound-stale population 
may not be in equilibrium with the associated atomic-state concentrations for 
strongly bound excimers, and the total populations of different clrcironic states 
will definitely not be in equilibrium at the gas temperature if net laser gain is to 
be achieved. 

The total populations of each molecular electronic slate will result from 
competition between gas collisional processes, radiative processes, and electron 
collisions in electrically excited systems. If the gas collisional dissociation rate 
Rd is the dominant destruction mechanism and the three-body association rate 
R. (via complexes or any mechanism) the dominant formation rate for a 
particular state, then the populations will approximately satisfy the equilibrium 
relation at the gas temperature T. That is [AB^HAJlRJ^Rt Rd = Keq(T\ 
where the state AB^ dissociates into Al + Bj, Kt. is the equilibrium constant for 
state ABtj&nd the brackets refer to densities. Collisional dissociation rates vary 
approximately exponentially with binding energy divided by k'l. so this will 
generally be the dominant destruction mechanism only for shallow potentials, 
typically up to 5 or 10 kT deep depending on the siz.e of competing rates and 
buffer gas density. Three-body association will often be the dominant produc- 
tion mechanism for such weakly bound states since most of the constituents Ai 

and Bj are then in the atomic form ([/4B(y]/[-4(] 4 1 and [/IßJ/Cß,] < 1). Thus, 
the total molecular population of such we.'i'.ly bound electronic states wi:l 
frequently be in equilibrium with the parent atomic components, particularly in 
cases where the atomic form predominates at equilibrium. In this case it is 
conceptually most useful to relate the absorption and stimulated emission 
coefficients to MJCö,] rather than [/4By]. One other advantage of the 
description in terms of [-4(][fl(] for weakly bound states is that the radiation 
from free and quasi-bound collision states of AB^ is naiurally included, as it 
should be since they also contribute to the excimer spectrum. ()n the other 
hand, a formulation in terms of the molecular concentration and its equilibrium 
constant refers only to bound states; these adequately descriK' the optical 
properties only for strongly bound electronic states. The Hg2 case described 
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below is an example of the strong-binding limit and is discussed directly in 
terms of [ Iß,,] 

For repulsive interatomic potentials, the free nuclear states nl the collision 
complex replace the bound vibrational states in the above "molecular" picture. 
In this case the continuum distribution of vibrational states is always in 
equilibrium with the atomic concentrations at the gas kinetic temperature. In 
the discussions below we treat free and bound vibratioiu'l states in the same 
manner; thus the derived relations can be applied uniformly to bound bound, 
bound free and free free transitions. In addition they are applicable from the 
wings of atomic lines on through the associated molecular bands. 

5.1.2 Thermodynamic Relations Between Absorption and Emission 

Many of the results of this section have been giyen previously bv Phelps [5.2] 
and Yfirk and GulUuilur [5.3]. We first note a generalization of the Einstein 
relation for atomic or molecular lines (2 is the upper and 1 the lower level) 

*:«;.,-^N^:., (5.1) 

to cover continuum radiation or portions of lines. We replace N^j ., with a 
spectral distribution S(v) and A/,ö2.., with G, 

G^-SU). (5.2) 

Here (i, is the stimulated emission coefficient and S{v)dv the spontaneous 

emission rate per unit volume for V-M' + ^V photons. S1B2^I = J Gvdv and 
line 

N2A2., = j S{v)(lv. The traditional definition of the absorption coefficient A:v 
line 

is the difference between pure absorption, which we label Xv, and Gv 

(/cv«K, —Cv). Next we recall that for a vapor contained in a vessel of 
temperature T and in equilibrium with the walls, the net absorption of the 
black-body radiation must at every v be balanced by spoiitaneous emission at 
the same v 

(K'_G'')/.V'S"-i)=5(v)- (5-3) 

Combined with (5.2) this yields 

Gv=e*'u (5.4) 
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V^W 

4'*B 

AB(r) 

A + B 

h\. 5.1. Defimliun ol terms for an idc.ilized diatomic 
molecule The respulsivc ground-st.ne case c»i responds to an 
excimer. hut the attractive case is also included within the 
framework of the theory in Sect. S.I 

for an equilibrium vapor. Also, for an equilibrium vapor, the atomic state 
densities are given by 

[-4]     g 
(5.5) 

where we have replaced Al and A2 with A and A* for a ground and 
electronically excited state, and /iv0 is the excitation energy of A* (see Fig. 5.1). 
Combining (5.4) and (5.5) yields 

M] 9* 
»oi/*r (equilibrium vapor). (5.6) 

We now consider a situation in which [/1*]/[/l] exceeds the equilibrium 
ratio for the gas temperature 7, but the population ratios [^ß*(/)]/[/l*][ß] 
and [,4ß(/)]/f .4][ß] are still in equilibrium at temperature 7". Hen.- ABU) refers 
to a bound or free vibrational and rotational state i in the ground electronic 
state, and •!#*(/) to a slate / in the excited electronic stale (Fig. 5.1). Equation 
(5.6) then still applies, but with M*]/[/1] independently determined (e.g., by 
electron collisional or optical excitation). If one represents the ratio [/4*]/[/<] 
in terms of an effective excitation T, 

[A*V[A-\=(gV9)e*p{-hv0/kTt). (5.7) 
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Combining this with (5.6), one obtains 

cxp 
A   17 

The condition for net gain {(JJKV> I) and laser action is thus 

/ Vn -»' 

(5.8) 

(5.9) 

Ihis condition was given by Carhom' and l.itvuk [5.4] for Hg, cxcimer lasers, 
and was generalized in Phclps [5.2]. Mere we note that (5.9) applies to all 
molecular electronic transitions if Mß*]/[/l*][ß] and [AB]/\ ^[B] attain 
their equilibrium values K*.,('/) and Kclt(T) at the gas temperature T. This 
requirement effectively limits (59) to weakly bound or repulsive iowcr and 
upper state potentials. These equations are most useful in the case where the 
majority of 1 and A* are in the atomic form, as generally occurs for weakly 
bound excimers. In the next paragraph we consider the opposite case. 

As noted in Sect. 5.1.1, the atomic versus molecular population ratios 
[.•lß*(/)(,■!*](#] are only expected to be in equilibrium at the gas temperature 
/ for weakly bound or repulsive I *(K). But we expect the ratios of bound-state 
populations [AB*(i)] [AB*{i')] to be characterized by equilibrium ratios at 
temperature / or a somewhat elevated temperature. In the strong-binding case 
it is belter to refer the GJK, ratios to a ratio of bound-state populations, since 
most of the excited and ground-state species will be in the form of bound 
molecules. Here we will refer to the population ratio [-4Ö*(0)]/| 4ß(0)], where 
the O's refer to the f'=0, J = 0 states (Fig. 5.1). Then (5.5) is replaced by 

iAB*m 
(■lß(0)] 

111,,,, tv (5.5a) 

where hv00 is the energy separation of AB*(0) and AB(0). and </* and gm refer to 
the molecular electronic states (Fig. 5.1). Then (5.6) is replaced by 

c, _[AB*m Mt wrt7. 
(equilibrium vapor). 

K,    [Am] 

Defining an effective excitation temperature similarly to (5.7) 

[AB*m a: 
[AB{0)]      o, 

cxp{-hv0Jkrt), 

we obtain 

K. 
= exp v: 

(5.6a) 

(5.7a) 

(5.8a) 
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The net gain condition becomes 

Vn,. 7! 
(5.9a) 

"on 

In both cases, (5.6) or (5.6a). the ratio GJK, increases as exp( hv/kT) with 
increasing wavelength, which is a key point of this discussion. The excited state 
fraction necessary for net gain thus decreases exponennally as the photon 
energy decreases It should be apparent thai this result refers to all portions of a 
band, including discrete lines, portions thereof, and contmua. I \tending the 
range of states / and / to include quasi-bound resonance stales and free- 
continuum slates also causes no changes in (5.6 9) and (5.6a 9aI as long as a 
single temperature T is used to characterize the entire population distribution. 

In some cases it is more useful to refer the [,1W*(I)] to total bound-state 
populations. [-4ß*] = £[/lfl*(i)]. rather than [AB*(0)] as in (5.6a) and sim- 

I 

ilarly for the ground-state. Using [AB*] = [M{*{0)\/*{T) and 
[/4B] = ( /4B(0)]Z(D. where Z(7") is the partition function, (5.6a) can be reduced 
to this form, as was done by York and (jM/Zay/ur [5.3j. Equations (5.6) and (5.6a) 
are equivalent conditions, but (5.7) and (5.7a) are not equivalenl for TC = T^. 
Equations (5.6) and (5.6a) are universal equations for vapors wiih vibrational 
and rotational populations in an equilibrium distribution at lempeiature T, but 
the population ratios [/4*]/[/4] or [/lß*(0)]/[/(ß(0)] in electronically excited 
vapors will be a consequence of the competition between various collisional 
and radiative processes. Estimating these population ratios required rather 
detailed modeling. Examples and references are given below.    *      ' 

5.1.3 Applications of the Classical Franck-Condon Principle 

The classical Iranck-C'ondon principle (CFCP), which is the basis of the 
quasistatic theory of line broadening [5.5], predicts that the internuclear 
separation R and nuclear kinetic energy do not change during an electronic 
radiative transition. Consequently, the photon energy h\ equals I ]*(/?)- ViR) 
for a transition that occurs at R, regardless of the initial motion. (In the interest 
of simplicity, we will discuss only one R coordinate, equivalent lo a diatomic 
molecule, but generalization to polyatomic is implied ) Here kj*(Ä) is the 
electronic energy of the /th adiabatic state which dissociates to  i* + B. while 
Vj{R) dissociates to A ^ B. For excimer molecules B is in a .S0 state with 
statistical weight (yB= I. Thus /!*-(-ßlorms^, adiabatic slates and /I+ 0 forms 
ilA state i, half of which are effectively degenerate if A or A* is not a 'S,, state. 
The total rate [S(v)</v] is, therefore, given by the total density of excited 
molecules with separations R + R+dR. where hv=Vi*{R)-yj{R), times the 
transition rate /!(/?),,. i.e.. if we define [AB^R),] as the density of molecules in 
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adiabalic slate i with internuclear separations less than or equal to R, 

The stimulated emission coefficient is related to this by (5.2). and the absorption 
coefficient is given by f/j/gf times equivalent expressions for ground-state 
molecules 

'I 

and 

Note that if the //coiUinuurri band has a width .lvBanil and a mean radiative 
rate .4^ the stimulated emission coefficient can be approximated hy the familiar 
expression 

(''     ^^    ''"   . (5.12) 

Molecular bands associated with dipole-allowed transitions of excimer mole- 
cules frequentl\ have -l,^/!,,, the rate for the separated atom, since the wave 
functions arc not severely perturbed by the relatively weak interaction energies. 

Since the CFCP is a classical principle, it is also appropriate to use a 
classical canonical phase-space distribution to describe the equilibrium distri- 
bution of states of nuclear motion [5.6]. The distribution vs R is obtained by 
integrating over nuclear momentum coordinates 

diABiR^^Zj 'h idRildPie-lf',2*v**mT 

= yj MJWKexpO - VjiR)- VjicoMkr, (5.12a) 
«A 

where Zj is the partition function. An identical expression with [A*], ^z,,, y^ 
and I* in place of [-11, </4, </, and I applies for «/[i4fl*(Ä)J. Also, for diatomic 
molecules (l*R = 4nR2(IR. Combining (5.11) and (5.12a) we obtain, as in Phelps 
[5.2] and Heilyes [5.6] 

G^izlWhl-j*] - M*][B]exP{-[K*(Ä)-^(«))]/*r}. (5.13a) 
8« ij V dv hi 9*' 
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and 

*. = «   I''"' 4(,<,-('//*) M][Ä]e»P(-[^-^)]/^}.      (5.13b) m „ tiA \ </v iil 

where ä^R dv is often written as 4Kä
2

/(</V/</ä|. In the case /4=ß. as »or Hg2> 

f-lJlß] -l-l]2 2 in (5.13a). 
1 hus. application of the CRT to a elassical equilibrium distribution of 

bound and free vibrational and rotational states leads to the absorption and 
stimulated emission coeflicients in (5.13). The resulting ratio Gv/A!, agrees with 
the previous (5.6), as it must. These relations apply to both attractive and 
repulsive stales; in cases where the equilibrium constants for [/MI/MKß] or 
| ,40*] | -l*]! ß| arc less than one. most of A or A* is in ihe atomic form and 
(5.13) are most useful. If either equilibrium constant greatlv exceeds one. it may 
be more appropriate to refer to molecular populations, by substituting 
I 4][ß] = M«l K,q or[.4*][B] = t/<B*]//C* in (5.13). In this foim (5.13) will 
be correct even if [.-l*]/[-10*] is not in the equilibrium r;>.iij. These relations 
will be applied to the examples below. 

5.1.4 Hoinoneiuous Broadening 

A characteristic of considerable importance in the generation of subnano- 
second pulses is the homogeneous broadening, or proportion of the [.4ß*] 
capable of radiating at a given wavelength at one time. Three distinctly diflerent 
cases occur for molecular electronic transitions, bound bound, bound free, 
and free bound, or free. 

In the case of a bound bound molecule transition, each excited vibrational- 
rotational   state   radiates   typically    ^20  strong   lines   distributed  across 
- 2000cm '. If each line is collisionally broadened by the buffer gas to a few 

cm '. then each excited state typically radiates into a few percent of the band. 
The lines from different excited states are interleaved to yield a vü^ual 
continuum, particularly for heavy molecules, but at any one time only a few 
percent of the excited states interact with a single laser wavelength. For heavy 
molecules vibrational and rotational relaxation occurs with roughly gas-kinetic 
cross sections, or about once per 0.05 ns for 1020cm'3 buffer gas density. But 
each collision has only a statistical probability of a few percent for transferring 
population into the states that interact with the laser wavelength, so typically 
- 30 collisions or 1.5 ns are required to stimulate most of the [/!/<*] to radiate. 
Thus, bound bound transitions are unfavorable for efficient, subnanosecond 
pulse laser gain tubes. 

If the ground state is repulsive, as for excimers, each bound excited state 
il .7) radiates a continuum that undulates through V I I maxima generally 
spread across a large portion of the band. Consequently, each excited state 
interacts strongly with more than half of the wavelengths in its portion of he 
band and a single laser wavelength in the strong portion of the baud stimulates 
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ilic majority of bound slates to emit. Thus, oni> a few \ibratioiial relaxation 
collisions are needed to stimulate almost the entire AB* population to emit, a 
process that typically occurs in ^0.1 ns for I020cm  J density o\ buffer gas. 

It'lhe excited stale is repulsive, as in the Li He case in Seel. U. each free 
collisional vibrational state radiates an undulating continuum dial fills more 
ihan half of the "band," or collisionally broadened "far-wing of the atomic line" 
in the language of pressure broadening, furlhermore. each excited atom in 
10'°cm 3 density of buffer gas impacts a different perturber with a new 
collision energy about every 3ps. Thus, it fills a new 50% portion of the 
continuum every 3 ps, and the resultant "homogeneous broadening time" is less 
than 10 ps. This result is independent of the repulsive or attractive character of 
the lower state. 

5.2 Excimer Systems 

5.2.1 Group I V III Excimers 

1 he most thoroughly studied metal-noble gas excimcrs are the alkali-noble 
gases. The 1 state potentials have been measured, and found lo be weakly 
attractive: the X slates are repulsive except for a weak, long range van der 
Waals minimum [5.7 1>J. The A X bands appear as extended continua on the 
red-wings of the alkali resonance lines with the strongest bands generally for Xe. 
These A X bands have been suggested as potential excimer laser systems by 
Phelps (5.2] and York el al. [5.7] and as discharged excited excimer lasers by 
Palmeret al. [5.10], Schlie [5.11], and Shukerci al. [5.12]. In addition to these 
,1 Y bands, which are in the 600 1100 nm region for the various alkalis, excimer 
bands associated with the firsJ excited }S and 2D states of the alkalis occur in 
400 700 nm regions. The absorption coefficienls, and effectively the emission 
coefficients using relations in Sect. 5.1, have been measured for these shorter- 
wavelength excimer bands [5.13]. The bands associated with the 2S state have 
been suggested as potential excimer laser systems [5.13], but have not been 
modeled quantitatively. Some of the potentials associated with these higher 2S 
and 2l) parentage excimcrs have been estimated from a combination of fitting 
experimental band shapes and inferences drawn from approximate potential 
calculations [5.14]. We will discuss first the more thoroughly studied A X bands, 
and then discuss the potential behavior of the shorter wavelength bands as 
excimer lasers. 

A-X Bands 

Since the A slates are weakly attractive, very large noble-gas dens.aes 
I -w lO^cm') are required to shift a majority of resonance-line spontaneous 
emission to the A X band [5.15]. With the exception of Lille, and partial 
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exception of Nallc, Xc produces the strongest, widest AX bands .md thereby 
optimizes the gam and inversion for a given fraction of excited alK.ili. For this 
reason modeling efforts have concentrated on alkali-Xe excimers which 4re 
described below. To obtain sufficiently large gain coefficients, noble gas 
densities of * l()-"cm * and alkali densities of 10'*- I0l7cm"3 arc normally 
considered. If pure metal vapors are utilized, temperature^ of 20() 900 C are 
required to obtain these alkali densities. Under such conditions the 1 states are 
less than 3^7 deep and the molecular populations rapidly equilibrate with the 
atomic populations, lor molecular i-state populations in equilibrium with the 
I* concentrations, the collisional dissociation rate should exceed the sum of 

the radiative rate (typically ^20ns) and the somewhat faster stimulated 
emission rate. I hese l-state dissociation rate constants are 
- 3 x 10 " em's ' at temperatures corresponding to [/I] > 10'' cm"3 [5.16], 

and can be expected to be ^10 '"em's ' at the higher temperatures 
appropriate for excimei lasers. Thus, the equilibrium condilion is well satisfied 
for [«]- ID20cm \ i.e., the A* + 2B *AB* + B process is not a "bottle neck" 
unless the excimer stimulated emission rate exceeds ^W's '. I nder these 
circumstances (5 13a) is a good approximation and (5.6 9) are directly 
applicable 

The feasibility of various metal-noble gas combinations for excimer laser 
action can be investigated in three steps. First, from knowledge of the A-X 
band intensity and shape we can determine the excitation fraction [/4*]/[/l] 
necessary for net gam and the alkali and noble gas densities necessary for a 
given gam coefficient. Next we can estimate, or calculate in some cases, the 
effect of other overlapping absorption bands. Finally, we consider the feasibility 
of obtaining the required M*] (.4] by various methods of excitation. The latter 
issue is discussed in Sect. 5.3, in which the potential efficiency is also considered. 

For weakly bound exenners, (5.6) or (5.13a)/(5.13b) require that 
(| .•!*]</ (A |(/*|exp[7i(v(, v)/kT] must exceed one for net gain. This condition 
is most easily satisfied at the longest wavelength region of the I X bands, 
recalling, of course, that the gain drops rapidly in this region. Consequently, a 
key feature of a good excimer laser candidate is a large red-shift. Since 
hv=y*{R)—V{R) this net gain criterion depends only on the difference 
potential, but the si/e of the gain coefficient depends on the size of v(v). Thus, a 
larger stimulated emission and gain coefficient occurs if V* is attractive at 
wavelengths where net gain is achievable. A strongly attractive 1 stale and 
highly repulsive X state are valuable (e.g., such as found in the rare gas 
halogens) but by no means necessary. Conversely, lower gain coefficients allo^v 
greater energy storage before superfluorescence. and they allow higher power 
gain cell or laser operation if net cavity gain can be achieved. We will discuss 
Mime examples before considering other absorptions. 

As an example case the potentials and excimer band of NaXe are shown in 
Figs. 5.2 and 5.3a [5.7]. The A state has -2 AT of binding at 7 -750K and 
optimum gain occurs at ^VMnrn. compared to /.() = 590nm. For A = 700nm 
and  7'=750K one obtains ((/(/*)exp[Hv0-v)/A71 = 55 so that an excited 
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fraction [N(j*(3P)]/[A/tj]>().OI8 is required for net gain at this wavelength. 
Preliminary discharge modeling [5.12] yields an excited fraction 0.014). 10, 
depending on various assumptions. For the purpose of showing the entire 
curve, the gain shown in Fig. 5.3b corresponds to the 0.10 case, corresponding 
to the upper limit of the estimated range. This Na excitation fraction of 0.10 
corresponds to ATe = 0.62eV in (5.7). The Nti2 coefficients in Fig. 5.3b are 
discussed below. 

The Li He case is an example of a repulsive or very weakly attractive A 
state (present data cannot distinguish between these possibilities, but require 
that any attraction must be less than ().2A:7[5.7]). For similar densities as the 
Na Xe case above, the net gain at / = <)(X)nm for [Li* | [Li] = 0.05 is given in 
Fig. 5.4. This is almost equal to the Li Xe gain at the wavelength (Fig, 5.4) in 
spite of the stronger binding ( ~ 4 /c7") of the Li Xe /4- sta'.e. This is a result of a 
much more repulsive F(R) for Li He compared to Li Xe. Since the Li-He 
system has very slight or no /4-state attraction, the molecular state populations 
will be in equilibrium with the gas temperature under all feasible conditions. 
Furthermore, all excited atoms can deliver their energy to a very short pulse (no 
vibrational relaxation is required). This is a very interesting example of an 
"excirr i" laser candidate based on free colliding atoms. 
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[5.15], 
b) Absorption (JC,) and stimulated 
(C.) coefTicients for T=760K, 
[Na(3S)] = 3.5 > iC'cm-', 
^Na(3/')]-3.5xl()|scm-^ [Xe] 
= 2.7xlO"cni 3. |Na2W0] 
= 1014cni 3 i.ndlNaji^T)] 
= 2xlO"ciT.  3 (from [5.12]) 

The .1 X bands of the other alkali Xe cases have similar properties except 
that their bands are at longer wavelengths f?.6. 8. 14]. Ihe A \ bands are 
weaker and less extended to the red for lighter noble gases, so that they make 
less viable excimer laser candidates in spite of the desirability of a smaller noble- 
gas index of refraction (5.6, n). The above Li He case and to some extent NaHe 
are the only known exceptions to this rule. 

We now discuss other possible absorptions. Absorption from lite [/4ß*] to 
a higher electronic states [10**] will generally be spread across molecular 
bands of width similar to the A X band. The same initial-stale populations. 
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[-4B*], contribute to stimulated emission in the A X baiui and to the 
absorption coefficients for upward transitions. The oscillator strength for the 
alkali A X band is close to unity, whereas absorption from the I state should 
be fairly evenly distributed across many bands and the ionization continuum 
(based on the alkali-alom oscillator strengths and sum rules). I herefore, only 
the relatively rare coincidence of a particularly : trong absorption band 
bunched into a critical wavelength range can cause difficulties. 

The most serious absorption source we are aware of is the A X band of the 
alkali dimers. The alkali dimers are typically bound by ~0.4eV, their AX 
bands are in the same spectral regions as the metal-noble gas .1 X bands, and 
the dimer A X band has a large oscillator strength. This absorption has been 
discussed in detail by York and Gallagher [5.3]. As an example, the Na2 

absorption is shown in Fig. 5.3b for [Na2] calculated to occur in a high-power 
discharge [5.12]. Of key importance is the fact that the alkali-dimer absorption 
has a red edge, or satellite, beyond which absorption decreases rapidly. Thus, 
the net optical gain in longer wavelength portions of alkali-noble gas AX 
bands is not affected. In addition to the Lille and LiXe cases described above, 
with A X bands extending past the Li satellite, the NaXe2 AX band extends 
far past the Na2 satellite [5.15], although the gain coefficients at 
[Xc] = 2 x i02ocm"3 are rather small (Fig. 5.3b). There are good reasons to 
expect this type of three-body excimer spectrum for many excimers. The Li2 

absorption spectrum in the presence of high pressure Xe is unknown, but 
unlikely to cause any unexpected problems as the area | K^dv must be the same 
as that in Fig. 5.4. 

Another important factor in the alkali-dimer absorption is that the 
alkali-dimers are bound by many kl (e.g.. 11 AT" for Na2 at 750K). so that 
their collisional dissociation by gas collision is relatively slow and expo- 
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ncntially dependent on the gas temperature. Their density and absorption 
thus decrease rapidly with increasing j^s temperature above thai correspond- 
ing to the alkali equilibrium vapor pressure. Part of this eas temperature rise 
could be deliberately imposed externally, but the gis healing associated with 
the excitation of the medium also causes it. Furthermore, if discharges or e- 
bcam excitation is used, the electron collisions with the dimers cause 
dissociation and thereby depletion of the dimer concentration. As .in example, 
the fNa,] used for Fig. 5.3a is a factor of 15 less than the equiiibrium value, as 
was obtained from discharge modeling [5.12]. If wide-band optical pumping is 
used, the alkali-dimer 1 V and ß .V ba.ids absorb the pumping light across 
many hundreds of luinomelers, so that the X state will again be severely 
depleted. In essence, the strong dimer absorption under equilibrium conditions 
is due to the relatively strong binding of the A1 molecules, but iliey are not 
formed very rapidly by ,1+ ,-1 + Xe-»/l2-t-Xe collisions due to the low A 
density. Thus any depletion mechanism, even an excimer-laser field itself, can 
be effective at depleting the dimer concentration. By comparison, the AB* 
excimers associated with the excimer gam are only bound by a few A:7" and the 
process 1* + Xe+Xe~+/lXe* +Xe is proportional to [Xe)' rather than [/I] 
(Xe] for the dimer formation process. Thus dimers are depicted long before 
excimers are. 

Collision-Induced Excimer Bands 

Collision-induced absorption and emission in the wings of forbidden atomic 
lines has been studied for many years. However, only in the past two years was 
it discovered that the strong excimer bands occur very far from the forbidden 
atomic lines. The Columbia group of Tarn, Moe, Hapiwr. and associates 
discovered and have now measured absorption and emission by many of the 
bands associated with the transition to the first excited S and D slates of the 
alkalis perturbed by noble gases [5.13]. More recently Sayer el al. [5.17], 
Gauthier el a]. [5.18], and £*/<-« et a!. [5.19] have also measured properties of 
these bands. The bands associated with the D state appear to the blue side of 
the atomic transition energy, so the exponential factor of (5.6) favors absorption 
over emission and they are not viable excimer-laser candidates. (This occurs 
because the excited state is more repulsive than the ground state.) The bands 
associated with the n2Sl , (ground state) to (w-l-1) 2Slli transitions are to the 
red of the atomic transition wavelength /i0 = ^ '. so they are potential excimer- 
laser candidates. 

For the Rb and Cs noble gas cases, the nS*i(n + l)S bands have a strong 
peak at the furthest red shift (kj, indicating a "satellite" or that a minimum 
occurs in y*{R)~ V{R) [5.2]. The frequency shift hi{ks-k()) is greatest for Xe, 
but even in this case the exp[-/ic(As-<:„)] factor of (5.6) that enhances GJK¥ is 
only 10 al the temperatures necessary for a reasonable alkali density and gain 
coefficient. [The f *(/?) binding is weak enough that (5.6) rather than (5.6a) is 
appropriate here.] Thus,  net gain  requires  [Cs(72S)]/|Cs(62S) j^O.l  and 
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equivalently for Rb, and this only appears feasible with laser pumping. We 
conclude that ihe Rb and Cs Xe bands might be used as gasi-ous dyes for 
tuneable frequency conversion in the 500-700nm region, but they do not 
appear to be viable candidates for flash lamp, e-beam, or discharge pumping. 
The absorption coefficient at these band peaks has been measured [5.13] 
to be typically KJ[Xe][4]Sl0 38cm5, from which it follows that 
Gv/[Xe]M*j5l() "cm5. Thus at [Xe]=l02ocm J. [/4] = 7 x lO^cm •\ 
[.4*] = 3 x lO'^cm ' due to strong laser pumping. K^OOTcm ' and 
Gv=0.3cm ' might result. Some of the general properties of such "gaseous dye 
lasers" are discussed further in Sect. 5.3. 

As the lighter alkalis are used, the nS«*(n+l)S excilMf bands broaden, 
indicating the absence of a satellite, and they shift further from the atomic 
transition energy, again with largest shifts for Xe [5.13]. Consequently, the 
exponential factor in (5.6) more strongly favors Civ versus Kv and these systems 
become viable excimer-laser candidates. In addition, the theortiical potentials 
of Posiale and Vandeplaque [5.14], which disagreed sharply with the Cs and 
Rb noble gas data, appear to give excellent predictions for K Ar, Kr, Xe and 
Na Ar, Kr, Xe (5.13], The Na Xe potentials in l-ig. 5.2 include the "4SI" state 
associated with Na(4;:.S"l 2)+Xe. This potential is essentially lhat given by 
Pascale and Vandeplaque [5.14], except that we have lowered it 400 cm ' at 
the minimum to conform better to the spectroscopic data of Tom et al. [5.13], 
who observed an ^ 20 nm wide emission band centered at 440 nm. 

From (5.2) the spontaneous emission power reported in |5.I3] can be 
multiplied by // to obtain the shape of Gv/[Xe] [Na*] at the same temperature. 
Then from (5.6). Kv [ Xe] [Na] is obtained. Both C, and Kv are then in the same 
units, but these are relative units since neither has been measured in absolute 
units for NaXe. At the center of the band the exp[-/i(v-v0) feT] factor of 
(5.6) is ^200. yielding net gain for 0.5"« excitation fraction. (At this [Xe], and 
for the 4.S"i potential in Fig. 5.2, Kt.q[Xe]s0.15 and these relations in terms of 
atomic populations are accurate to ««10'V) We have estimated the magnitude 
of G, and Kv for Na Xe by comparing to the Cs Xeand Rb-Xc cases for which 
K, has been measured [5.13]. For this comparison we use (5.13), assume that 
the A(R) are proportional to the square of the alkali atomic si/c, and evaluate 
the effective dvldR at a satellite in terms of the area under the peak [5.6]. The 
dominant difference is about a factor of 10 reduction of Gv from Cs-Xe to 
Na Xe, since the latter band does not have a satellite and is more spread out. 
Ihe result is then, at 7=810 K corresponding to [Na] = 1017cm 3, 
Cv(440nm)/[Na(4S)][Xe]SlO",8cm5. It appears that this Gv magnitude 
estimate should be a lower bound, since NaXe is much more strongly bound 
than CsXc and one might expect the induced transition moment to be also 
stronger than for CsXe. The resulting Gv and Kv for [Na] = l017cm 3, 
Na*(4S)=10|,icm \ and [Xe]= 1020cm ,, are given in Fig. 5.5. The exci- 
tation fraction of Na*(4S)/Na(3S)=0.01 was arbitrarily chosen. The possibility 
of obtaining this excitation fraction in discharge, flashlamp or e-beam exci- 
tation has been neither modeled nor measured. 
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Fig. 5.5. Abüorpiion (AC,) aiul stimulated 
emission (GJ coefTiCK'nts for tlio ASL-X1! 
band of NaXe, from analysis of the data in 
[3.13]. I'he absolute s<.ale is estimated and I % 
of the Na is assumed lu be in tha 45 state 

It appears highly probable that the alkali dimers have absorption bands in 
the same spectral regions as these bands, since there will also be dimcr states of 
Na(45)Na(3S) parentage. However, the same dimer depletion arguments 
discussed above in connection with the A X bands hold here; these dimer 
absorptions might not be a problem in a high-power system. 

5.2.2 Group II Vlll Excimers 

In contrast to the I Vlll excimers, for which the AX bands and potentials of 
most pairs have been thoroughly characterized, the only 11-VIII band that has 
ever been observed is that of Hg-Xe. The broadening and shift of many Group 
II lines, due to noble-gas collisions, have been measured [5.5], but these relate 
only to very long-range interactions and are of no help in predicting excimer 
bands. We will thus discuss only Hg Xe below, after a few general comments 
applicable to all of the Group II elements. 

Visible and uv excimer bands associated with the w'P and n'P-^n'S 
(ground state) transition may be viable excimer laser candidates, and even the 
near infrared nJP-»(n—l)*/) and nxP-*(n-\)xD transitions might be of 
interest for Ca, Sr, and Ba. Generalization of the Baylis models [5.20] for 
alkali-noble gas potentials argues that Xe should produce the strongest binding 
to Group II excited states, but that these will still be weakly bound (<10feT). 
Possible rapid predissociation of N

3
P or n'P excimers to repulsive excimer 

states associated with (n-l)lD and (n-n3D levels could be serious for 
Ca, Sr, and Ba. The rate of energy transfer via AB* + A-*A\ + B is expected to 
be 106 107s  ' at typical [4] ~ lO1" 1017cm'3, and this could be a significant 
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[AB*{nsF]\ depletion mechanism. (It is a source term for the buffered A^ 
excimer bands described in the Ciroup II il section.) The bands associated with 
the «^/»-»II'SO transition will have small transition probabiluies, probably 
similar to the atomic values as the same spin-orbit peilurbatn'n is involved. 
Thus any excited-state absorption bands that occurred in the same wavelength 
regions as these excimer bands would probably eliminate gain at these 
wavelengths. The nxP-+nxSa atomic-line radiation is trapped, but the far line 
wings which include the excimer bands will escape. The result is typically an 
effective radiative loss rate of 0.05 0.2 / Au,inu 5107 I08s ' for the total 
.-l*(»ilP) +,lß*(*il/>) population. It is clear that rapid, high-power pumping is 
necessary. Excited-state absorption should be negligible compared to these 
strongly allowed resonance-line bands, but AB*[nxP) might be predissocialed 
or collisionally transferred to H'P, particularly for the heavier Group II 
elements for which the triplet singlet mixing is greatest. 

The Hg Xe excimer bands as well as the fluorescence yields and excited 
state kinetics were studied with e beam excitation by (iutthak et al. [5.21]. 
Two uv bands were reported, each ~ 30 nm wide and centered at about 220 and 
270 nm. The shapes of these two bands and their fluorescence yields for Hg Ar. 
Kr, Xe, using e beam excitation, have recently been reported by Woodworth 
[5.22]. In both studies the energy radiated in each band is typically ~ 1 % of the 
t' beam energy deposited in the gas. The shorter wavelength band is on the red 
wing of the 185 nm ö'P, -ö'S,, transition and clearly is the associated AX 
band; the longer wavelength transition comes from the 63P excimer manifold. 
The shape of the 270 nm IIg Xe band has also been reported by Oldenberg 
[5.23]. Freeman et al. [5,24]. Nikoforov et al. [5.25]. and others, using ö3/*, 
optical excitation. The band has a similar but significantly diffei cnt shape than 
that observed in the <■ beam excitation experiments. The binding of the HgXe* 
state associated with the 270nm band, which we will label 1 lgXe*(6-,P1), is 
estimated as 1300cm ' relative to 6,P1 by Guuhek et al. [5.21 J. 1560cm ' by 
Straus: et al. [5.26], and 600cm ' by Kielkopf and Miller [5,27]. The ground- 
state interactions have been determined from atomic beam scattering data 
[5.28]. Nothing else is known of the Hg noble gas excited-state potentials, but 
there should be no strongly bound nonradiafive HgXe* reservoir states to 
compete for the excited-state population (see HgJ). However, the 6JP0 level is 
- 1 SOOcm ' below 6-,P, and could act as such a reservoir. It is discussed in the 
following paragraph. The data of Guicheck et al. [5.21] also yield 
/Kcq = 2xl() l4cm,s ', where Kt.i( = [HgXe*(6,P1)l/[Hg(6,P))] [Xe] and 
r is the effective radiative rate for HgXe*(6J/,

l) excimers. lor the expected 
r^foSlO's ', this yields A.eM = 2x 10'21cm\ a reasonable value for an 
excimer bound by - 1300cm   ' or 3 4kT. 

Since ATs300 cm"1 at temperatures corresponding to [Hg] 
= lO16-10|7 cm J, any of the above binding energies are less than 6kT 
and an equilibrated distribution of [HgXe*]/[Hg*(6,P1)] is expected. Thus, 
the net gain criteria of Sect. 5.2 can be applied, and at 270 nm yields the 
requirement    [Hg(6,P1)]/[Hg(61.S())] >3exp(-2400cm  1/300cm"')= 10"3. 
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The gain coefficient al 270 nm assuming r=10,s ' and HOO cm ' 
binding, is Gv/[Hg(63/'1)][Xe]s2x 10"J,cins, yielding K,»^ ().02m"1, 
6\=0,2m ' at [Hg]-I0n cm J [Hglö'P,)] = lO" cm \ [\e] = IO:o 

cm J. If Hg(63/*,) + Xe-»Hg(63P0)+Xe (excitation transfer) were a 
rapid process, it would be very difficult to achieve this d'P, st;iic density 
as a large nonradiativc 6,ü(1 population would lose excited-slate 
energy via electron quenching or 3P0 - iP0 collisions. However, an u|vper 
limit to the rate coefficient of 10 14cm,s ' [5.29] has been mc.isured for 
this excitation transfer and. therefore, in an >■ beam afterglow or discharge 
the electrons may keep (v1/', and ft1/',, in about a statistical ratio. Due to the 
shallow binding and resulting rapid Xe induced dissociation of the 
HgXe*(6 'P, |. electrons will not readily change the [HgXe*(6 'P, )]/| I lg{6sPl)] 
ratio Consequently, we conclude that this system could be a good excimer laser 
candidate, probably with higher efficiency in a discharge than in the above 
c beam experiment. The low gain coefficient per Hg^'P^can be compensated 
by increasing [Hg], presumably at constant excitation fraction, until collisions 
between excited states represent a significant loss. Excited stale absorption 
could, of course, destroy net medium gain at any density. 

The HgCft'P,) excimei bands are also viable laser candidates. As- 
suming weakly bound llg^'P,)-Xe, the net gain criteria of (5.6) be- 
comes    at    2l5nm    [Hg(6lPl)]/Hg(61S0)] = 3exp(-750()cm"1 JOOcm"1) 
3 10" The 15 nm   stimulated   emission   coefficient,   from   (5.13),   is 
r0 = 8x lO'V ' [5.30], and assuming ^600cm ' binding in the 6^, state, 
Gv [Hg(61P1)][Xe] = 10 ,7cm\ For example, if | Xc]= I02ucm 3, 
[Hg] = 10,8cm '. and [Hg(61P1)]=IOl,cm 3, we find that G'^lm"1 and 
Kv= 10" ~ m"' at 2l5nm. No studies of the feasibility of obtaining such ö'P 
densities in e beam, discharge, or optically pumped Hg-Xc vapor have been 
reported, but such a low excitation fraction is required thai this appears as a 
fairly promising laser candiate. 

5.2.3 Group III V III Excimers 

The Group III metals attain equilibrium vapor densities appropriate for 
excimer lasers (glO^cm"3) at temperatures of 800-2000 C, but they are 
generally nonreactive with window and containment materials. Pheir res- 
onance lines are in the 250 530nm region so that the red-wing excimer bands 
occur in the 250 700nm regions. The only 111 VIII excimers that have been 
studied experimentally are those of Tl, the most volatile member in the group, 
so the remainder of this discussion will concentrate on Tl. 

Thallium has a 6:PI 2 ground stale and a melastable 62Pill state separated 
by 1 eV fine structure. Transitions from these states to the 7:.S'1 2 ami 62D states 
have large oscillator strengths, so Tl has four strong resonance lines occurring at 
277, 353, 378, and 535 nm. The red-wing excimer bands associated with each of 
these lines are viable excimer laser candidates, so they encompass much of the 
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Fig. 5.6. a) Spontaneous emission from a discharge in TIXe for T-   I020K, | ri] = 3 x 10"cm'5 

and [Xe] = 3 x lO'^cm  J (from [5.32]). The excimer bands are indicated by dashed lines. 
b) Absorption (JC,) and stimulated emission (Gv) coeiTicients for TIXe at T   1090K, [TKö2/»,^) 
= [Tl(62Pw)] = 5xlO'5cm  J, [TI(72S12)] = 2xl0,4cm"3, [Xe]^ 2.7x 10'"cm-3(froin[5.3li) 

near uv and visible spectrum. As with the I-V1II excimers, Xe produces the 
strongest and widest excimer bands, and is, from the discussion above, selected 
as the best laser candidate [5.31]. The relevant Tl energy levels and the Tl-Xe 
excimer emission spectrum from a weak discharge in [Tl]^ 1016cm"3 and 
[Xe]s 102Ocm ' are shown in Fig. 5.6a [5.32]. The tcmperaiure dependence 
of the two visible band intensities associated with the 7':.S'1/j —62P.,2 3/2 

transitions has been measured, and interpreted to yield the Tl-Xe excimer 

I 
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Kig.  5.7.  txpenmenial   HXe polcntials (from 
[5.31]) 

potentials [5.31] shown in Fig. 5.7. From (5.2) and (5.6). these normalized 
spontaneous emission intensities have been converted into the G, ami Kv in Fig. 
5.6b. The conditions assumed for this figure are [Tl] and [Xej appropriate for a 
high-power excimer laser, with 2"o excited TI(72.S') and the remainder divided 
equally between the 62P] 2 + 6;!P, , states. This 72S1/2 excitation fraction 
corresponds to an electron temperature 7^ I eV in (5.7). Studies of its 
feasibility are underway in the author's laboratories. The 27S 310 and 
353-378nm bands in Fig. 5.6a are associated with the 62/)-62/, dansitions. 
These have not been studied in normalized fluorescence, so the excimer 
potentials associated with the 62D states and the gain coefficient as a function 
of [TI(62Z))] have not been determined. Nonetheless, based on the intensity of 
these bands in the discharge spectrum they are expected to be as good an 
excimer laser candidate as the visible bands. 

Tl is essentially a one-electron atom, and the oscillator strengths of the 
above four resonance lines add up to 0.95 with about 1/3 ol this in the 6P~*7S 
transition [5.33]. Therefore the arguments applied to alkali-noble JI.IS absorp- 
tion from excited states apply here as well, although it is somewhat weaker for 
the 6P-»7S bands due to their smaller oscillator strengths. It is possible for 
absorption in strongly allowed Tl Xc bands out of the 12S or fi-ß levels to 
exceed the stimulated emission in the 72S-'62P or 62D-»62P bands, but the 
oscillator strengths of the latter bands are large enough that it is extremely 
unlikely these excited state absorptions could eliminate net gain in all regions of 
the bands. The other potential absorption, by Tl,, is difficull to evaluate due to 
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minimal knowledge of the Tl, binding energy. Tl2 is known 10 have several 
absorption bands in the 4(K) 440nm region [5.34], and b) inference from 
emission bands there should also be absorption bands in Hie 620 650nm 
region from TI^P, ,) parentage stales. The T72 binding energy is unknown, 
although it has been estimated as ^().6eV [5.35]. Anything in e\cessof0.75eV 
would cause serious absorption if Tl, occurred in an equilibrium concentration. 
However, just as in the Na: case above, severe Tl2 depiction can be expected to 
occur due to gas heating and electron collisional dissociation in high-power 
discharges, e beams, or optical pumping schemes.  ' 

The Ciroup 111 elements share a potentially useful feature with many other 
metals: they are much more volatile as halogenated compounds. This has been 
used to advantage in arc lamps [5.36] and tested under excimer laser 
conditions [5.37]. It could be valuable for many metal-based excimer lasers. 
Relatively high densities of metal vapors can thereby be obtained at moderate 
temperatures, with the compounds dissociated in the discharges but recom- 
bining in cold outer zones to prevent metal condensation on relatively cold 
walls. In addition to allowing the use of many otherwise intractable metals, the 
exponential Boltzmann factors in C, and GJK, of Sect. 5.2 show that much 
larger gain coefficients and inversions can be attained if temperatures can be 
lowered. Other compounds besides halogens can be considered, of course, 
particularly as the residual halogens could have a deleterious effect on 
discharge stability. 

5.2.4 Group I II Excimers 

The existence of low-lying ' D and 'D excited states of Cfl, Sr, and Ba combined 
with the causticity and low vapor pressures of these elements make them poor 
candidates for replacing the noble gas in excimer molecules. Mg, Zn, Cd, and 
Hg are reasonable candidates for use with elements of equal or lesser excitation 
energies, but to obtain the necessary ^lO'^cm'3 densities requires 
900 1000 C for Mg, Zn, and Cd. Thus, due to its volatility and relatively mild 
chemical behavior Hg is clearly the most practical and frequently studied 
substitute for noble gases. In the remainder of this section and most of the 
following two sections we will discuss only such A-Hg type excimers. 

The interaction potentials of alkali Hg molecules have been studied by 
Duren. both experimentally through atomic beam scattering ;ind theoretically 
[5.38] using the method developed by Bayiis [5.20] for alkali-noble gas 
molecules. As an example these calculated Na Hg potentials are shown in Fig. 
5.8 and the üy and Kv for the A X band which these yield from i5.i3) for typical 
laser-model conditions are shown in Fig. 5.9. The only spectroscopic data 
available for these alkali Hg molecules are those of Drummond [5.39], who 
measured the A X band shapes, but not in absolute units. The shape of Gv 

corresponding to Drummond's spontaneous-emission band shape is shown in 
Fig. 5.9 for comparison. The extent of the agreement between these theoretical 
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Kit;. 5-9- Absorption (Kj and stimulated 
cmiNsion (Gv) CDcfTicienls for NaHg, 
deduced from the polenti.ils in Fig. S.I, 
for conditions of 7=690 K, [Na(3S)] 
= 10",cm ', [NaCU^IO"«!! J, and 
[Hg]= lO^cm ' The expcnmenlal line 
is the measured shape of C, obtained 
from thf measured fluorescence spectrum 
of [5.39]. This experimental curve is arbi- 
trarily normalized 

and experimental band shapes is typical of that seen between measurements 
and Baylis-type potential calculations for the alkali-noble gas molecules \5J. S. 
13J. The il*R/Jv term in (5.13) is very sensitive to y*(R)-\ (R), so that a very 
accurate set of ViR) is necessary to produce the A X band intensity 
distribution. 
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As this NaHg band does not extend as far to the red as the NaXe band, 
there is little to recommend NaHg in place of NaXe unletf the gain coefficient 
for NaHg is much larger (due to stronger NaHg* binding), or higher excitation 
efficiency were feasible. Duren's theoretical potentials pndici alkali-Hg A-X 
bands of strength similar to those of alkali-Xe, so on this basis the alkali-Hg 
molecules would not be very interesting excimer-lascr candidates if these 
potentials were correct. But in view of the very stringent requirements on the 
accuracy of the potentials, this is still an unsettled question. 

5.2.5 Group II II Excimers 

Most excimer-laser related studies in this class have concentrated on Hg as the 
"noble gas", with most of this attention placed on the 330 and 480 nm bands from 
pure Hg vapor. The exception is some models and measurements [5.40] reported 
for Cd Hg. Very little is known about any other atom pairs, with the exception of 
Mg, [5.41]. The Mg, A and A' state potentials are well known [5,41-43], and 
allow its amplification characteristics to be modeled using (5.13). As these 
characteristics are fairly interesting, we will include them below before discussing 
the Cd Hg and pure Hg vapor work. 

Mg2 

Balfour and Douglas [5.41] have measured the bound bound spectrum of the 
AlZ* -XlZ* system of Mg2, which connects to the 3iPl - 31S0 resonance 

Fig. 5.10. Mg2 potentials. The AlSl and AT'I,* 
potentials arc from spcctroscopic data [3.41] and the 
rest are theoretical [5 44] 



Metal Vapot txcimcis 159 

Kig. 5.11. Absorption (h, I and stnuilatrd emis- 
sion ((<,) coefTicients for Mg^ foi 7=1150K, 
[Mg] = 101,cm   3. [Mg,(4'i;)]    lO^cm"1 

transition of Mg. Their initial analysis to obtain the potentials has been 
extended by Li and Stwalley [5.42] and by Vidul and Scheingraber [5.43] to 
accurately determine dissociation limits and many higher-order Dunham 
coefficients. These potentials [5.43] are given in Fig. 5.10, along with other 
potentials calculated by Stevens and Krauss [5.44]. A stale prcdissociation into 
the triplet manifold was also observed in [5.43], but lifetimes are nol given The 
difference between the A and X stale potentials is also plotted in pig. 5.10, so 
that the small slope at R ~ 5.5 ü0 is apparent. This helps concentrate the band 
and yields a large 0"v at /. s 390 nm. The absorption and gain covilicients for 
[Mg] = 10'^ cm 3 at T= 870 K. MgJM 'D- 10'* cm" \ and ro - 3.5 x 10" s" ' 
[5.45] in (5.13,13a) are shown in Fig. 5.11. This is shown to indicate the 
possibilities as a high-power laser in a buffered sysleir. However, the feasibility 
of obtaining a vibrationally thermali/ed or partially thermali/ed /I state 
population of this magnitude has not been hvestigated. In particular, prcdis- 
sociation to repulsive triplet stales and gas collisional conversion of AlZ into 
nonradiative 'T/^ molecules could be very fast and eliminate the possibility of 
obtaining such A11 state populations. Absorptions out of large triplet and 1nt 

populations could also be a serious problem. 

Cd-Hg 

The excimer bands associated with Ccl(5,P)—Hf, have been reported by 
McGeoch et al. [5.40] as a ~ 100 nm wide continuum centered ai ~470nm. 
McGeoch and Fournier [5.40] have also reported 0.4", cm" ' gain at 488 nm in 
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Fig. 5.12. HgCd potentials, from [5.40]. The 
explanation of ihe 470 nm band is indicated 

flashlamp excited vapor of [Cd] = 3 x 10,5cm ■,, [Hgl = 2x l()l8ctn"3. How- 
ever, recent investigations at LLL have failed to show gain in a nearly 
equivalent experiment [5.46]. The potentials proposed by these authors are 
given in Fig. 5.12; they assign radiative lifetimes of ^3fis to the two levels 
associated with the excited 3P states. As in the Hgj case which follows, this may 
be an effective radiative rate due to an excited population distributed thermally 
between the M and ,0' states, with the latter metastable. However, the gain 
coefficient per total HgCd* density is still given by (Äll%n)reU Av where reff is 
this effective radiative rate and .dv is the width of the band. In view of this very 
small /;,fl (an effective oscillator strength of - 1(K3), excited state absorption 
could be a very serious issue in this molecule. 

H82 

Due to the ease of handling Hg vapor and its importance in lighting anJ 
electrical equipment, the kinetics, spectra and discharge properties of Hg vapor 
have been studied extensively [5.47]. In spite of this, many of the properties 
which determine the viability and efficiency of potential Hg, excimer lasers 
have only been determined very recently if at all. Studies by //;'// et al. [5.48], 
and by Schiie et al. [5.49] indicated potential optical properties in f-beam 
excited Hg vapor, but only the recent very thorough experimental studies by 
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Fig. S.I3. Fluorescence spectrum Irom optically 
excited Hg vapor at [Hg] = 2x l()"cm ^ and 
the indicated temperatures (from | \5()]) 

Drullinger et al. [5.50] combined with theoretical potentials by Stevens and 
Krauss [5.44] have finally yielded a fairly complete picture of the Hg2 energy 
levels and radiative properties as well u the heavy particle kinetics associated 
with the Hglö'F) states and connected Hg? levels. Some calculations [5.51, 52] 
and measurements [5.4, 53] on Hg discharges have elucidated aspects of 
high-power discharges in high pressure Hg vapor, as appropriate for excimer la- 
sers. These are discussed in Sect. 5.3; we summarize the Drullinger et al. [5.50] 
picture for Hg2 potentials and Hg vapor kinetics in the following paragraphs. 

Temperature dependent emission spectra of optically excited Hg vapor are 
shown in Fig. 5.13, and a set of Hg2 potentials is shown in Fig. 5.14. The R 
scale is not well determined by the theory or data, so is left arbitrary in the 
figure; this uncertainty is not important for laser modeling. These potentials 
were derived by adjusting theoretical potentials from Stevens and Krauss to 
match experimental data,  where available. The  Hg2  radiative  transition 
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Fig. S.I4. Hg2 potciiiials ami the eflective po- 
sition of the Hgj levels responsible for the 480 nm 
band, from [5.50]. Ihese were constructed by 
adjusting the results of Mg, ah mitio calculations 
to fit expected Hg2 behavior ;iiid known spectro- 
scopic data. We have added the (?) potential 
associated with the 7]S stale, whose shape is 
unknown 

associated with the 335 nm band is indicated, as is the effective energy position 
of the Hg* and Hg, levels which the authors associate with the 480 nm band. 
The experimental observations indicate that the nonradiativeO,,, Og, and Ög

+ 

states act like an effective reservoir (Res) for most of the Hgj population that i? 
~ 2700 cm ' below the minimum of the radiative lu state, which has a band- 
averaged radiative rate risl06s"1. Another 3800cm ' below this effective 
Hg2 reservoir is the average position of the Hgj population responsible for the 
480nm band. At densities [Hg]> 10'8cm"3 appropriate for high-power 
excimer lasers, and without electron collisions, the population of this Hgj 
state is in equilibrium with the Hgj reservoir, so that [HgJ]/[Hg5(Res)] 
= [Hg]AC,exp(3800cm '/fcT')- Similarly, the Hgj populations come to an 
equilibrium ratio [HgJ(lu)]/[Hg*{Res)]=(Zlu/ZRJexp(-2700cm-'/m 
where the partition functions should satisfy Z,u/ZRes~l. Thus if the band- 
average radiative rate of Hg* is Fj, the ratio of the bands in fluorescence is 

I,,, _ r, exp(-6S00cm-'//c7) 
(5.14) 

Measurements have determined that ri/AC3r3 = 4.5x I02:scm  3. If one es- 
timates A;,~ 10"22cm3, then r3~ri/50~2x 10*s-', corresponding to an 
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Fig. 5.15. Absorption (KJ and stimulated 
emission (GJ coeflicicnts for Hg vapor at 
r=l3üOK, [Hg] =10"'cm", |Hg»] = 1017 
cm 3, where Hg* refers to l he 35-4.0eV 
excimer states in Fig 5.14 

oscillator strength of about 10 4 at 480 nm. These results, the shape of the lu 

potential, and the la-'O* (ground state) transition moment variations were 
deduced from analysis of the temperature and time dependence <>f the band 
intensities and shapes, following optical excitation. 

Due to the exp( - 2700/AT) ratio of rHgJ(lu)]/[HgJ(Res|], the 330 nm band 
gain can be greatly enhanced by overheating the vapor relative to the 
equilibrium density. Figure 5.15 shows the 330 nm band gain and absorption 
for r=1300K and [Hg*(Total)]/[Hg] = 1 %, where total refers to the lu and 
reservoir states. At this temperature about 7% of the total Hg* is in the 
radiating state, so that raising T further could enhance C, [HgJ( Total)] by as 
much as a factor of five. The other effects of such gas heating would be to 
spread the band slightly and to increase ^v, although by a smaller factor than 
the Gv increase. In a discharge or f -beam excited vapor, electron collisions will 
tend to raise the [HgJ(lu)]/[HgJ(Res)] ratio above the gas temperature, 
thereby increasing the gain coefficient per unit of total [Hg*] density. 

The stimulated emission coefficients for these btinds are very weak when 
expressed as a function of the total Hg? density, e.g., it is ~4x IO"20cm2 at 
335 nm and 7= 1300 K (Fig. 5.15). Therefore, absorption from HgT in allowed 
bands, particularly from the reservoir states which contain most of the 
population, will be ~ 103 stronger and will destroy the medium gain if they 
occur in the same wavelength regions as the excimer bands. Estimates of some 
higher excited Hg? states which could cause such absorptions, by Stevens and 
Krauss. are shown in Fig. 5.14. Arrows of length corresponding to 335 nm and 
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480 nm are drawn upwards from the O', O*, and Og" reservoir suites and from . 
the lu state to indicate where these absorptions would be expected to go, ' 
although it is not necessary that they start at the potential minimum. Hill et al. 
[5.48] measured almost a constant absorption from 3W 515 nm in f-beam 
pumped Hg vapor, and attributed this to absorption by the HgJ states 
associated with 1 Ig^'/')- Hg to repulsive upper levels of Hg2. Drullinyer et al. 
[5.50] also measured absorption at 488 nm from the equilibrated population of 
optically excited lig(6,P)- Hg states. These absorptions sery likely occur from 
the reservoir states to the lu and Ou repulsive states which dissociate to 63P2; 
these might be more repulsive than indicated in Fig. 5.14. Although the 480 nm 
band gain per Hgt might be improved somewhat over the value in the Hill et al. 
[5.48] study (e.g.. using lower temperatures), the effective stimulated coefficient 
per HgJ is quite small and the dipole-allowed HgJ absorption w nhin the triplet 
manifold will probably be stronger under most realizable conditions. 

HgJ absorption in the region of the 335 nm band would be very strong if 
sufficiently attractive states associated with Hg(7JS)- Hg occur (e.g., the state 
with question mark in Fig. 5.14). Stevens [5.54] suggests thai Rydberg-like 
states should occur about as indicated in Fig. 5.14, although no detailed 
calculations have been made. This absorption coeificient per i l^J is of course 
given by (5.13) where I refer to the potentials of the Hgt states and V* to those 
of the Hg(73S)-Hg state. Thus, if V*{R)-V(R) traverses the 335 nm band 
photon energies anywhere in the 2.7 3.5 A region, very strong absorption 
bands will obscure the excimer-band gain. York et al. 15.53] have measured 
typically I0"n net absorption in a discharge afterglow at a number of 
wavelengths in the 335 nm band, and Byer et al. [5.55] have measured 
absorption at 325 nm from strongly optically pumped Hg vapor. Drullinger et 
al. [5.50] obtained an upper limit of ~3x 10"18cm2 for 325 nm absorption 
per total Hg? in their weakly excited vapor with [Hg*] ä 1012 cm"3. This limit 
is large enough to allow the above measured absorptions to be due to 
HgJ(Rcs + lu). However, the absorptions in the strongly excited vapors could 
also be due to populations of Hg2 in higher excited states with strong 
absorptions from these. For this absorption to show the same time dependence 
as fluorescence it would, of course, be necessary for these higher HgJ* state 
populations to follow the same decay curve as the HgJ emission, but this is not 
unreasonable if the decay rates were predominantly due to net energy flow out 
of many  strongly coupled  levels.  The coupling can  occur  through  the > 
Hg? - HgJ collisions, radiative and collisional cascading following recombi- r 
nation, electron collisions, and other possibilities. In fact the fluorescence 
observed  from  these and  e beam  excited vapors may also have  major > 
fluorescence bands due to more highly excited excimei states; ihe fact that an 
apparent single decay rate is observed is not proof that a single, closely j 
grouped, excited-state manifold is the source of all the bands. Hut returning to 1 
the Hg, 335 nm band, it requires strong excitation to obtain useful excimer gain - : 
levels, so that absorption under these conditions is the crucial test. These 
measurements indicate that net gain of significant size cannoi be obtained on 
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ihe 335nm band with strong pumping, unless index of refratfion x.triation or 
some other loss process is being misinterpreted as Hg* absorption. On the 
other hand, if excited-state absorption could be overcome ilie 335 nm excimcr 
band itself has excellent gain characteristics (Fig. 5.11). It appears reasonable to 
expect that a large concentration of llg? excimers might be achievahlc, subject 
to the limitations discussed in Sect. 5.3, and this is generally constrlerod to be an 
attractive candidate for high-energy, subnanosecond pulses. 

The excited-stale absorption issue is a serious consideration for all excuner 
bands with low gam coefficients. Discharges and e beams populate many high- 
excited levels, and there may be no net medium gain until these higher levels 
are largely emptied, hopefully long before the desired lowest exciimi states are 
emptied. 

5.2.6 Group III II Excimers 

In this group. Ilg is the most tractable Group II replacement for the noble gas, 
although densities of lO1" cm 3 of Cd, Zn. or Mg are feasible at S(KM U)0'JC. 
Temperatures in this range are necessary as well to obtain appropriate Group 
III vapor densities. As with all the metal-based excimers, the substitution of Hg 
for Xe offers the possibility of stronger excited-state binding and thereby larger 
gain coefficients due to the exponential factor in .5.13a). But whereas this may 
be a vain hope for the alkali Hg excimers, it is astonishingly successful for 
Tl Hg. Drummond and Schlie [5.56] have shown that Tl Hg has relatively 
narrow excimer emission bands with gain coefficients to per [T1*(72S)] that are 
10 1(X) times larger than for Tl Xc. It is likely that similarly strong bands occur 
in other visible wavelength regions when other Group III elements are 
substituted for 11. Santaran et al. [5.57] have studied the bands of 7 ///</, TICd, 
Tl'/n. InHq. and In/.n. and obtained some portions of the potentials. Since 
Tl Hg has been studied as an excimer laser candidate by Drummond and Schlie, 
and it is a very promising candidate, we will discuss this case below. 

The Tl Hg potentials, from [5.56], are shown in Fig. 5.16. These have a 
similar appearance to the Tl Xe potentials in Fig. 5.7, but there are two 
important and major differences. It is instructive to compare the optical 
consequences of these differences from the standpoint of (5.13). First the ß-state 
of Tl Hg is bound by 4100 cm '. compared 1300 cm ' for Tl Xe. so that the 
exp(-/H'*'AT) population factor in (5.13a) is ~exp(5.4) for Tl Hg and 
-exp(l.7) for Tl Xe at 7 = I l(K) K corresponding to [Tl]- 10'6cm'3. Due to 

this, Cv/[TI*][Hg] in the center of the Tl Hg emission bands is ~50 times 
greater than Gv/[TI*][Xc] in the center of its bands. In either case, at high 
enough [Hg] or [Xe] most of the [TI*(72.S")] is in molecular form and most of 
the emission is in the molecular band (5.13a), but the TlHg hand is still 
narrower due to the larger exponential population factor. This factor con- 
centrates the emission band in the wavelength region corresponding to the 
potential minimum. If the gain coefficient per excimer molecule is approxi- 
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Pig. 5.16. TlHg potcnlials ami origins of the 656 
and 459nm bands, from [5.5<i| The Al , stale is 
not known, but is expected to he quite repulsive 
as shown 

mated as in (5.12) one can see that this decreased .1vBlind results in a higher gain 
coefficient. I his effect is greatly enhanced by the second important difference 
between theTl HgandTl Xe potentials. V*{R)- F(R)goes through a minimum 
for Tl Hg near 3.1 Ä. 1 his results in the "head of band-heads" or "'satellite" seen 
in the 11 Hg bands in Fig. 5.17. (These Tl Hg potentials were in fact construct- 
ed by Drummond and Schlie [5.56] to match this measured effect.) This further 
narrows the effective ^vBiind to ~500cm"', compared to 5000cm"1 for the 
Tl Xe bands. This is in fact the same effect that is responsible for the narrowness 
of the halogen-noble gas uv excimer bands. In the present context, it results in 
the large gain coefficients shown in Fig. 5.17 for the assumed 11, Hg, and Tl* 
densities, which have been obtained here by applying (5.2) and (5.6) to the 
fluorescence data in [5.56]. Comparison to Fig. 5.6 shows that even for 
[Xe]/[Hg]s0, the TlHg gain exceeds that of Tl Xe by a factor of ~5. 
Furthermore, as noted in [5.56] this [Hg] or lower values can be used wiih a 
He buffer so that the index of refraction effects will be less severe. 

These comparisons between Tl Hg and Tl Xe have been made to demon- 
strate the sensitivity of the optical properties to the features of the potentials. It 
should be apparent that the Tl Hg potentials are characteristic of an ideal 
excimer-laser candidate. The excited state has enough binding (~5fcT) to 
concentrate the emission band at moderate "noble gas" densities, yet it is 
shallow enough to allow rapid relaxation from initially excited free TI*(72S) 
into the several lowest vibrational states responsible for the band peak. (This 
three-body association rate constant is 3 x 10 31 cm'' s ' [5.56].) A minimum 
occurs in V* - F at an R near the V* potential minimum. This causes a 

-^ 
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Kig. 5.17. Absorption (K,( and Mimulated emission (Gv) coefficients for the TI-HgcxLimer bands of 
Kig 5.15, from data in [556]. The conditions are [T1(6J/'1,2)] = [TI(62P, 2)] 5xl015cmJ, 
[TK7,S)]-2xI0,4cm  ', fHg]-? x lO'-cm   ', r=820 C 

convergence of bands, so that a number of low-lying vibrational states [in 
y*(R)] radiate predominantly at the same wavelength. The resulting high gain 
coefficient and homogeneous broadening make this the best known candidate 
for a visible metal-vapor excimer laser. The lower gain-coefficient II Xe system 
is much more difficult to achieve laser action in, although it could attain higher 
power and energy densities without superfluorescence losses if successful. 

Hg, absorption is negligible in the 450 and 650 nm regions where the peak 
Gv of the Tl Hg bands occur. Absorption by Tl2 might occur in these regions, 
but is very unlikely to match the Tl Hg* gain at the peak Gv wavelengths. Of 
course, Tl2 would also be severely depleted in any high-power pumping scheme. 
Streng absorption by Tl Hg excimers to higher slates is extremely unlikely to 
occvt in the precise / regions of 450 460 and 620-650 nm wilh sufficient 
strengtli to decrease these Gv significantly. 

5.3 Excitation Methods and Efficiency 

Thtf p.ij;ntial efficiency of these molecular lasers depends on the excitation 
methou as well as on the molecular properties discussed in Sect. 5.2. We will 
discuss four excitation schemer., in order of increasing potential efficiency. 
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These excimers can easily be used as laser-pumped tunable /CIMTS if desired. 
Simple eunsiderationü lead to a typical single pass gain d "(A'/KnlP/Jvg,^ for 
such a laser, where /' is the pump power in photons cm s ' ami /lvBanil is the 
width of the exenner emission band. For a KHK) A wide visible excimer ba d 
and a 10 W Ai ' pump laser with a 20 um waist, G 2 0.05, This is \ery similar to 
existing dye lasers, as indeed these considerations apply equally to them. A 
variety of issues such as index of refraction variations, hand shapes, and flow 
turbulence enter into the determination of relative values for different tuneable 
media. These will not be discussed here, since the present work is concerned 
instead with efficient, high-power excimci lasers. 

If flashlamps are used to excite the excimers, only radiation in the wings of 
the resonance lines, where the absorption coefficient is 0.1 10cm"1, is useful. 
These wavelength regions are usually relatively narrow, typically filling less 
than 1".. of the visible continuum. Thus, although the laser energy might be a 
large fraction of the absorbed light, the latter will normally be a very small 
fraction of the total flashlamp radiation. The flashlatnp spectral match to the 
absorption could be improved somewhat by filling it with the same excimer 
vapor species as the gain lube, but we still would not expect high efficiencies or 
scalable, high powers by this method. It may be easier to achieve gain in 
flashlamp pumped rather than electrically excited systems due to the absence of 
undesired electron collision processes, but their potential efficiencies appear to 
be much lower than if the discharge is applied directly to the laser medium. 

High energy electron beam [e beam) excitation occurs predominantly via 
recombination and excited state relaxation following ion-pair formation. Ion- 
pair energies arc typically - 1.7 times ioni/.ation energies, and generally only 
one excimer is formed per ion pair. Under these circumstances the maximum 
efficiency is given by the excimer-band photon energies divided by the ion-pair 
energy. Excimer states with large ratios of excitation energy to ionization 
energy, as in the noble-gas dimers, are, therefore, the most efficient for e~ beam 
pumping. The optimum v beam excimer pumping efficiencies predicted for 
these cases by current models are about 40-50% relative to the energy 
deposited in the gas (Chap. 3). Foil losses, beam spreading, and other problems 
limit the actual overall efficiencies to significantly lower values. For excimer 
lasers based on a small fraction of metal atoms in a high pressure Group II or 
(iroup VIII vapor, e beam excitation would primarily iom/e the major 
constitutent, requiring typically 10 20 times the metal-excimer photon energy. 
Thus maximum efficiencies would be 5 10".. relative to the energy deposited in 
the gas if each ionization event produced only one visible photon No modeling 
or experiments have been reported and this may be an overly pessimistic 
assumption, but the potential efficiencies in these metal-doped noble gases do 
appear to be much greater for discharges. In addition to their use as the entire 
energy source, electron beams are of value as preionizers, sustainers, and 
diagnostics. Cases in which a larger metal fraction and, therefore, a larger 
potential efficiency is possible are I Ig noble ga«^ and llg2. These have been 
studied with e beam excitation; HgXe by (iuicbeck et al. |5.21J and by 



Metal V.tpor Exctmen 169 

WooJworth [5.221; Hgj by Hill el al. [ 5.48] and by Schlie el al. 1.5.4')]. Guuheck 
el al. [5.211 rcporicd a maximum fluorescence energy iTIicienc) of ^0.5",, 
relative to the energy deposited in the gas for the 270 nm Kind associated with 
Hg(6 /•) \c. WtMxIworth also reported ^0.5". fluorescence efficiency for this 
band and about 3 times as much in the 200 nm bind associated with 
Hg(6lP,l Xc. ///// et al. [5.48] and ScWi> et al. [5.49J have not reported 
efficienciev 

The metal-atom excitations desired for this type of excimcr laser have two 
basic features that contribute to a potentially high l;iscr cfliciency with 
discharge excitation, lirsi, the excited atomic state responsible lor the laser 
transition M*) is the lowest excited state so that its excitation is the first 
inelastic process available to the accelerating electrons. [Vibrational and 
rotational excitation of excited molecular states occurs, but densities of these 
states are low and this is not a significant energy drain except at large molecular 
ion and electron (n,) densities.] Second, the excitation energy is a relatively small 
fraction of the ionization energy. For ne less than about 10l4cm"' the electron 
energy loss in a discharge from this .4 -»-4* excitation causes a rapid decrease in 
the electron energy distribution with increasing energy above the inelastic 
threshold. This attenuates ionization of the metal atoms and greatly reduces the 
excitation of the "noble gas", even though its density is typically at 104 greater 
than that of the metal vapor. Since the /I* energy is less than half of the ionization 
energy, the electrons (predominantly with energies below the first inelastic 
threshold) will generally be more efficient at exciting A to A* than at further 
ionizing the A*. This situation is in contrast to the noble-gas excimcrs for which 
the excitation energy is a large fraction of the ionization energy. In this case the 
electrons with energies below the inelastic threshold are very effective at ionizing 
the noble-gas excimers and excited atoms. For nt > 10'*cm 3 electron-electron 
collisions tend to thermali/e the electron energy distribution, and multiple-step 
ionization of A* occurs rapidly. This situation is discussed below for the Na-Xe 
example. 

Discharge modeling at power levels appropriate for excimer lasers has been 
carried out «»nly for Hg vapor and alkali-noble gas mixtures. No measurements 
have yet been compared to these although some observations of general 
discharge behavior in these systems has been reported. Therefore, the dis- 
cussions following will concentrate on the pure Hg and alkali-noble gas cases. 

Glow and arc discharges in Hg vapor have been studied for several decades 
on account of their importance in lighting and electrical switching [5.47]. 
Neither discharge is appropriate for lasers, as they are cw discharges and the 
atomic level populations, gas temperature, electron density, and effective 
electron temperature are all approximately in equilibrium. The first attempt at 
a pulsed, high power discharge in Hg vapor to obtain gain was by Carhone and 
Litvak [5.4], who studied the W</, 480nm band emission in a pulsed, 
longitudinal arc in ^ l()1H cm ' of I Ig. Electrical energy deposition rates up to 
^ 10 Wem   3 for -> I fis were achieved without developing nonuniformity or 
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instabilities, while the effective electron temperature was cstimateil at ^0.6eV. 
Although the 480 nm band gain calculated from the observed emission was too 
small to be useful, this magnitude of energy deposition is sufficient for most 
potential metal-vapor excimer lasers. 

More recently the Bolt/mann equation has been solved in Hg vapor by 
Roikw HHI [5.51]. Masi'k and Vokaty [5.58]. and by Judtl [5.52]; but none of 
the investigations looked into the effect of excited slate ionization or superelas- 
tic collisions on discharge stability. Moshurg and Witke (5.59] have measured 
the Hg2 excimer vibrational temperature in Hg discharges, thereby inferring 
the effective vibrational excitation plus excimer quenching rates by electrons. 
York and Carbone [5.53] recently operated a transverse pulsed discharge 
in ^10,4cm 3 of Hg. and obtained homogeneous discharges of ^lOJ!"1 

energy deposition following uv preiomzation. From the excimci fluorescence 
intensity they inferred that - 2".. net gain should occur on the 320 nm excimer 
band for their 10 cm discharge length. A measurement at 325 nm, however, 
indicated a net loss in transmission during the discharge pulse. Although this 
was reported in York et al. [5.53] as preliminary and inconclusive, later 
measurements at 325 nm and other, nearby wavelengths also indicated net 
attenuation (private communication with (J. York). It has been suggested that 
these observations might be reconciled with the net gain al 325 nm observed 
with e beam pumping [5.49] if the higher HgJ states associated with 
Hg(73S)+ Hg had a larger population in the e beam case. Thus, net gain might 
occur on these bands, associated with the 7iS —63P transition, for e beam 
excitation while net absorption might occur in a discharge. 

Discharge excitation of alkali-noble gas mixtures has also been studied for 
many years in relation to metal vapor lamps [5.47]. As noted above these 
essentially cw discharges are not very relevant to laser discharges. High power 
discharge excitation in cold, non-LTH gas was first modeled by Palmer [5.10] 
using a thermal electron energy distribution /(u) with a limited number of 
metal-atom states and collision processes. His results indicated the possibility 
of reasonably efficiency excitation and net gain in the K Xe excimer bands, but 
the effect of the expected non-Boltzmann character of /(u) and of additional 
states and collision processes remained unclear. Schlie [5.60] solved the 
Boltzmann equation for f{u) in typical laser mixtures of Na and Xe 
(1: lO3 1:104) without excited slates. His results indicated a very rapid drop in 
fill) above the first alkali inelastic threshold. More recently, Shukerei al. [5.12] 
investigated the effect of excited Na states on f{u) in Na Xe and sclf-consistently 
solved the Boltzmann equation for f(u) and the population rate equations for 
the excited state and electron densities. The results of this calculation and the 
general characteristics of this system will now be explored. 

In the absence of excited Na, about 90",, of the electrical energy goes into 
the desired Na(3S)-»Na(3P) excitation ror a wide range of E/N. The remaining 
energy goes primarily into Xe elastic recoil at the lower E/N \alues and into 
ionization and undesired excitation at ,iigher E/N. The overall efficiency for 
discharge operation in Ne Xe mixtures is additionally limited by the typical 

? 
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0.75 factor in the ratio hv^JJE,^., which is a fundamental consequence of the 
red-shift between excimer absorption and emission bands. 

Quenching of Nal.^/'l by the low-energy electrons is an impoiiant decay 
mechanism at the excitation fractions and electron densities appiopriate for 
high-power discharge operation [5.2,3.12]. This is not a net energy loss 
mechanism, but it limits the |Na*J [Na] fraction to R^jiR^ +/jft). where Rtli 

and R^ are the electron excitation and quenching rates and rtU is the effective 
Na* spontaneous radiative loss plus stimulated emission rates. The sponta- 
neous emission loss rate is roughly equal to /„[ Na Xe*J/[Na*] where ro is the 
natural atomic radiative rale For a useful net gain the E/N must be high 
enough to keep f Na*] [Na] above typically 0.1)5. This excitation fraction has 
not been achieved in preliminary high-nt discharge experiments [5.32 ], although 
the models of these systems (5.12] do yield it under appropriate assumptions. 

If the excited Na(3/>) fraction builds up to the ~ 5"o levels appi )pri;ue for 
appreciable optical gain, the Nal.lP) excitation efficiency drops due to ioniza- 
tion of excited states. The calculations indicate that typically 20 SOX of the 
electrical energy might nonetheless be extracted as laser power, with the 
remainder going primarily into gas heating. Most of this heating is attributed to 
rational and vibrational excitation of molecular ions, momentum transfer 
collisions with Xe. and A* multiple-step ioni/ation followed by recombination. 
These calculations also indicate that Na:, with its associated deleterious 
absorption, is severely depleted by electron collisional dissociation, and would 
be further depleted by gas heating and laser-field bleaching. I lectron densities of 
10,s lü"-cm ■,, £'[Xe]-10 ,7-lÜ lhVcm2 at typical [Na]s3xl016, 
[Xe]5 3 x I020ciu 3, and current densities of 10 100 A cm"2 result from the 
calculations. At these power depositions of 1()2 ID3 MWr'. the gas heating rate 
is 10 100 ("us '. If total gas heating of 100 C could be tolerated during an 
excitation pulse, about 10'JI ', would be deposited m the gas, conceivably with 
20 50",. convertible into laser power. These calculations are obviously very 
speculative and the actual situation will be less favorable, but this at least 
indicates the sizes of the laser power, efficiency, and pulse energies under 
consideration. 

One major question that is not addressed by these homogeneous discharge 
models is the time for growth of an arc instability in this high-pressure mixture. 
Various uniform preionization schemes are available, but preliminary investi- 
gations by Drummond [5.61 ] and by Rothwell et al. [5.32] are very encouraging, 
as they indicate that these metal-doped noble gas mixtures are much more 
stable against arcing than the pure noble gases. 

Another potential major problem is cavity quality deterioration due to 
index of refraction variations, i.e.. loss of medium homogeneity. Xe at 
1020cm 3 has an index of refraction n—1 s2.4 x 10~3, and an expected 10% 
temperature rise due to the excitation pulse will cause variations of ~10°. of 
this. If this index gradient occurs noiuiniformly. it could severely distort the 
laser beam. As an example, if an index variation n l=2x 10"4(y1/>'o) 
occurred uniformly along a laser / axis of length /., then in the L ■ f limit the 
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medium would look like a negative cylindrical lens ol focal length 
/ = y,2, (4 x 10 * /.). If. for example. y0 = 1 cm and /. = 25 cm, /- 100 cm results. 
A distribution of many small-scale density variations due lo nonuniform 
temperatures could be even more serious. During a short excitation pulse the gas 
will not move very far and the index changes will be smaller. Nonetheless, it is 
essential to deposit the pump energy uniformly and to maintain highly 
isothermal initial temperatures. The temperatures gradient to room temperature 
at the end of heat pipes make their value for lasers highly uncertain [5.62]. 

\\e conclude this section on metal vapor systems by noting that this class of 
systems offers a variety of choices of excimcr species which radiale in the visible 
and ultraviolet region. 
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Abstract—The normalized emission mlensiiy m the wings of the optically thin Na < /'-.V"D lines hroadened 
by Ne. Ar, and Xe has been measured in emission from .i high-pressme disch.iüie. A blended satellite 
occurs about 80 cm ' into the Na-.Xe red wing and a progression of incie.ising red umg intensity from Ne 
to Ar to Xe is observed. Xe densities of 2.5 and 9.1 « 10' cm ' were used, and the piessure dependence of 
the NaXe line shape indicates that multiple perturber interactions are important in the far wing at the higher 
noble gas densities. 

EXPERIMENTAL 
Noble gas broadening of Na lines is often used as a test of line broadening theory and of 
interaction potentials. Due in part to the ease with which the resonance transition (3:S-32P) can 
be optically excited, most work has been concerned with this transition The present results for 
transitions between higher states are made possible by operating ;i stable, pulsed ekctric- 
discharge in high pressure noble gas.' This is only achieved without arcing instability when the 
inert gas is doped with - 10" cm ' or more of metal vapor. We have now operated such 
discharges in Na. Tl, and Mg doped inert gases,1 ' so that this appears to be a feasible source 
for obtaining collisional lineshapes of many metal vapors. 

Numerous experiments and calculations on Na have examined inert gas broadening of the 
Lc entzian, line-core region, which is sensitive to the long-range interactions.4"" The normalized 
emi sion in the far wings of the Na resonance lines9 and the bound-bound spectra of 
supercooled nozzle beams of NaAr'" have been interpreted to yield close rahge interactions 
The effects of multiple inert gas interactions in the far wings of the resonance lines" and 
collision induced bands12 have also been demonstrated at high noble gas densities. Here we 
present data showing the far wing broadening of the higher excited state (32P-32D) transitions 
by Ne, Ar, and Xe, for inert gas densities that yield predominately sin.ule-perturber interactions. 
The normalized emission intensity INOC) was measured for the wings of the NaO^i/^Dj^) 
(818.326 nm) line and the unresolved Na(32P,/r-32A/2) (819.482 nm) and Na(32P,/r-32A/2) 
(819.479nm) lines for noble gas densities of 2.5-9.1 x 10" cm '. Is(k) is defined as the intensity 
radiated per wave number, l(k), divided by the total integrated intensity of the three lines and 
the noble gas density N: 

Hk) 
lN(k) SfHk)dk' 

The integral is taken over all three lines since the far wings a: ; related to the entire multiplet. 
The densities of the 3:D1/; and 32Dv: states responsible tor tb> emission are expected to be in a 
statistical ratio owing to rapid collisional mixing at the high gas densities of these 
experiments. 

The emission line shapes from a pulsed, high pressure Na doped-noble gas discharge were 
measured. The discharge cell was similar to one previously described1 with the Na density 
10 '-lO4 times the noble gas density so that the (non-resonant) broadening by Na was 
negligible compared to noble gas broadening. Spectra were taken on a 0.5 m scanning monoch- 
romator equipped with a photomuinplier having a GaAs photocathode A gated sample and hold 
circuit was used to measure the fluorescence intensity during the discharge current pulse. A 
filter transmitting A >5400Ä was placed in front of the monochromaior entrance slit to block 
higher order wavelengths. The relative spectral response of the optical system was measured 
using a calibrated tungsten iodide lamp illuminating a barium sulfate diffusing screen. The 
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instrumeni resolution was varied from approx. 2 cm ' for ihe \hk\ < 20cm ' data to 8cm ' for 
|Ak|> 100cm '. 

The data taken at a temperature 7" = 6730K. corresponding to a Na density11 of 5.5 x 
10" cm ', were obtained from a 4 /^s pulsed disch.uge with a diameter of - 3 mm and a current 
density J -200 A cm :. From measurements of the eiectnc field across ths discharge and the 
electron mobility in xenon, the electron density was calculated to be n, = 4x 10"cm"1. This 
electron density is expected to produce a Stark broadened FWHM of -0.27cm ' u which is 
much less than that due to the noble gas (see Fig. I). The emission spectra reported here are 

X(nm) 

SI6 J1! — 816          619 
■"I — T 

820 821 822 

• 20       «10 0 

AMcm"1) 

Fig. I  Normalized emission intensity of the Na 3P-3D tranMtions broadened by Xe, Ar, and Ne at 
T = 673°K and (Na) = 5.5 x 10" cm '. The Ar and Ne data have been shifted by factors of 10 and 100 

respectively. 
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within the impact region for electron broaden-ns, so that the electron-broadened wings are 
expected to decrease as Ik :. The reported Ne, Ar, and Xe broadened wings decrease less 
rapidly, so th^t the reported wing intensities are essentially all due to noble gas broadening. The 
higher temperature data (|Xe|-9.1 x jO^cm ', T = 773°K, |Nal = 5 ■ lO^cm ') were taken 
with a 50 ns current pulse of J 10* A cm 2. yielding an electron density n, = 2 x 10'* cm"1. 
Since both n, and |Xe| are larger in this case, this wing is als») uue to only Xe broadening. 

The Na density (Na|, was varied from l()14 5x lO'^cm ' in order to obtain lN(k) in the 
limit of zero Na(3P) density, for which the 3D-3P emission is optically thin. The Na(3P) 
density was also measured from absorption profiles, similai to those described in Ref. I, 
verifying the low optical depths obtained at the lower (Na|. From these | Na] -»0 extrapolations it 
was determined that emission for T = 6730K and (Naj = 5.5 x 10" cm ' was optically thin, with 
the exception of the |Xe| = 2.5 x l()lvcm ' data for which the line center optical depth was - 3. 
The far wing line-shape data (from -20 to 400 cm ') for this optically thick case were 
normalized at A/i = - 20cm ' to the optically-thin line-core KU), obtained at T 3620oK. 

The Na(3:P-3:D) line shapes broadened by Ne, Ar, and Xc at T h73cK are shown in Fig. 
I. An approximate broadened line width can be inferred from these data, but at :Hese present 
inert gas densities this broadening does not correspond to the l.orent/iin. impact-region of the 
line. For this reason we have not attempted to analyze the observed line shape in it..^s of 
instrumental and collisional broadening, nor do we report broadening coefficients. The shift oi 
the line core has been reported in Ref. I. 

As has been described previously,'s it is not necessary to resolve the line core to obtain 
ls(k) in the far wings. The measured red wing l^fk) for |AA| > 10en ' are shown in Fig. 2. 
(Values of Mfc) could not be accurately determined on the blue wing due to overlap with Na? 

AX band emission.11") Continuum emission obscured by the four Xc emission lines at 823.2, 
828.0, 834.7, and 840.9 nm is shown as a dashed line for the open triangle case in Fig. 1. These 
regions are deleted in the other NaXe spectra, as is the Na-Ar data near the Ar 826.5 nm line. 
Minor fluctuations, typically ~ 5%, about smooth lines through the data in Fig. 2 are not 
deemed significant. Our abi'ity to measure values of Mk) below — 5 > 10 2<cm4 is limited by a 
broad continuum from the discharge that underlies the entire spectrum. This continuum 
emission was also observed with a 0.75 m double grating monochromator which would have 
eliminated any spurious signals from scattered light. 

The temperature dependence of the NaXe line shape was investigated by raising the cell 
temperature T from 673 to 773'>K. Since the Na reservoir was located in the cell, this 
temperature increace also raised the Na vapor pressure from 5.5 x I0iscm 3 to a density of 
5 x lO'^cm ', but this should not have any effect on these normalized omission data The higher 
temperature data (x) in Fig. 2 are seen to follow the lower temperature data (A) for 
|Ak|<200cm ' but fall about 20% below the lower temperature icsults for 300-400cm ' 
frequency shifts. 

These wing emissions result from transitions between essentiallv five different molecular 
potentials originating in the 32D state and three in the 32P state. It is not possible to infer these 
various potentials from temperature-dependent IN(k) as the resulting bands overlap. 
However, these data provide a stringent test of theoretical potentials. We are aware of only one 
published set of potentials for these states, that of Pascale ami Vandeplanque.17 The increase in 
the magnitude of lN{k) from Ne to Ar to Xe is consistent with these theoretical potentials, 
which predict increasing 32D binding as the mass of the inert gas incieases. Also, the order of 
magnitude of the M/O obtained using these theoretical potentials in the quasi-static theory13 is 
similar to that observed. However, the detailed shapes and mugnitudes are not in agreement. As 
an example we show the lN{k) for NaXe obtained from the theoretical potentials and the 
assumption of a constant transition moment between each pair of potentials. Whereas the data 
indicate a severely broadened satellite with a red "edge" ne.ir 75 cm ', the theory produces a 
satellite at 150cm '. (The latter will be somewhat smeared out in a more exact theory.1*) Also, 
at |Af| > 200cm ' the theory predicts much more intensity than is observed. The temperature 
dependence at the larger lA^I is due to the Boltzmann factor exp((l *(»)- V*{R))lkT} in the 
quasistatic theory, where V*{R) is the upper-state potenti 1." The theory predicts - 15% 
change in lN(k) in the (Ait) = 300-400cm ' region, which resuiis from three overlapping bands. 
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Fig. 2. Normalized emission intensity on the red wing of the Na 3P-3P transitions broadened by Xe, Ar, 
and Ne. The shifts AA and A* are measured from 819.48 nm. The actual data, including overlying Xe lines, 
are shown foi the A case, where dashed lines show the underlying continuum. For the other Xe cases and 
the Ar case near an 826.5 nm line this portion of the data is deleted. The /N(t) which results from using the 

potentials of Pascal and Vandeplanque (Ref. 17) in the quasistatic theory (Ref. 15) is labeled P & V. 

The experiment obtained ~ 25% change in this region, indicating larger excited-state binding at 
the appropriate R. 

One of these NaXe potentials responsible for these data, the attractive A2n state originating 
in VP. is known experimentally.9 The Pascale and Vandeplanque potential does not agree at all 
well with this known V{R), and it appears unlikely that this theory could be any more accurate 
for the other potentials of importance here. Thus the above poor quantitative agreement is 
hardly surprising. 

MULTIPLE-PERTURBFR INTtRACTIONS 

The effects of multiple perturber interactions can also be seen in Fig. 2 where IN{k) for 
NaXe is plotted for densities of (Xe] = 2.5x KVcnT1 and 9.1 xlO"«!!"' (open and closed 
triangles). The high Xe pressure data are seen to be above the lower pressure line shape for 
|A/c| > 300 cm ' and below the low pressure results for l|Ak| > 300cm"'. As reported in Refs. II 
and 19, this type of behavior is predicted by multi-perturber interactions which decrease IN{k) in 
those portions of the far-wing spectrum dominated by diatomic NaXe emission and increase 
IN{k) for those regions at larger frequency shifts where NaXei.3... emission predominates. 
Following this interpretation, the region |Ai|<-3(K)cm ' is primarily due to diatomic NaXe 
molecules; and the region |Ak| > 300cm ' is primarily due to NaXej. 
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High-power (~ 10K W/l) discharges in metal-doped Xc are modeled for typical metal atom 
densities of lO'MO17 cm ' and Xe densities of ~ 102" cm 3, and electron densities of 10,4-1017 

cm ' as appropriate for proposed excimer lasers. Na is used as a prototype species, while its 
properties are varied to indicate some of the changes that could result from the use of different 
metals. The model includes sixteen excited levels of Na, three ionic species, the excimer levels of 
NaXe, and Na,. The degree of ionization is determined by collisional multistep excitation and 
ionization of excited atoms versus dissociative recomt ination ofelectrons with Na/ . Steady-state 
conditions in the positive column are calculated for typical gas temperatures of ~0.06 eV and 
electron temperatures T, of 0.3-0.5 eV. The Na population distribution is largely Boltzmann at 
the electron temperature and the electron density is close to the Saha equilibrium value except at 
low electron temperatures and very high extracted laser powers Useful gain and extracted powers 
of ~ 10 MW/cm' are predicted for the higher Te and Na densities, with the pulse width limited to 
~ 10   sec by gas heating. The model indicates that a metal which produces a deeply bound 
product state via dissociative recombination could yield a very efficient high-power laser or gain 
cell. 

PACS numbers. 42.55.Hq, 52.80. - s 

I. INTRODUCTION 

Metal-noble gas (or Hg) excimers are candidates for 
high-power tunable laser.' Due to small stimulated emission 
coefficients, large excited-state (excimer molecule) densities, 
high gas densities, and high excitation powers arr required 
for such lasers. Because of the well-known arciny instability 
of high-pressure gases, most excimer lasers have utilized a 
high-energy electron beam for initiating or sustaining the 
discharge. Exceptions are laser action that has lecently been 
achieved in short uv preionized discharges2 in KrF and halo- 
gen-Hg vapor. Pure discharges are much simpler and are 
expected to be more efficient and reliable if arcing instabil- 
ities can be avoided. We have found experimentally3 that 
several metal-doped noble gases do yield stable homogen- 
eous discharges even without preionization. The nt in these 
dischargesare very high (10l4-1016 cm '). As a consequence, 
the density of the 3/» state of Na is maintained at near its 
equilibrium value by electron collisions, and the NaXe(y4 ) 
excimer level, which is nearly in collisional equilibrium with 
the Na(3/>) level through Xe collisions, is rapidly refilled. 
Very large extracted laser powers are thus feasible in short 
pulses. These very high power pulsed discharges in high- 
pressure nonequilibrated gases are unusual in many other 
regards as well, so that that it is desirable to build an under- 
standing of the most important controlling factors. Finally, 
our experiments1 were carried out in a small volume cell 
under a limited range of conditions that were not optimized 
for excimer gain. The present model is thereby used to inves- 
tigate the possible gain and efficiency of excimer lasers based 
on these discharges, but under a wide operating range of 
conditions (primarily higher gas densities and current densi- 
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ties). The present work thus extends the analysis ofelectrons 
in Na-Xe mixtures by Schlie4 to higher degrees of excitation, 
i.e., to higher discharge power densities. Very recently, relat- 
ed experimental studies of metal vapor Hg discharges, i.e., 
Tl-Hg, have been reported by Hamil et a/.' Our present anal- 
ysis does not extend to the low-power densities of the recent 
models* of mercury and rare-gas-based laser discharges. 

Discharges in metal-doped noble gas and/or Hg mix- 
tures at high pressures have been studied extensively for 
many years due to their use in lighting.7 These lamps differ in 
three major respects from the present discharges: they are 
operated with either dc or low-frequency excitation rather 
than for short pulses, their power densities are typically 10"3 

times smaller, and the gas temperature is the same as the 
electron temperature. Due to the high gas temperature, the 
fractional concentrations of excimer molecules and molecu- 
lar ions are sr .all, whereas they are large and important here. 
Metal-doped flashlamps* operate at conditions closer to the 
present case, but they have not been characterized or ana- 
lyzed sufficiently to allow useful comparisons with the pre- 
sent results. 

I he species, their optical and collisional properties, and 
the discharge model used in the present calculations are de- 
scribr4 in Sec. II. The results, in the form of excited-state 
and species densities and their dependence on the discharge 
parameters, are given in Sec. Ill A. The optical gain and 
efficiency are discussed in Sec. Ill B. Other possible energy- 
loss mechanisms not included in the computer model are 
discussed in Sec. IV. The consequences of assuming a Saha- 
Boltzman relation, as expected at high electron tempera- 
tures, is considered in Sec. V, and overall conclusions are 
given in Sec. VI. 

II. THE MODEL 

We have chosen to use Na and Xe as the specific case to 
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model, but we have varied several of their parameters in 
order to investigate possible behavior of other metal-inert 
gas mixtures. It is believed that many of the properties of 
these particular species should be characteristic of other 
mixtures, as long a» the ionuation energy of the dopant is 
below the first excited state of the noble gas, and the electron 
affinity of the dopant is small enough that negative ion densi- 
ties are insignificant. 

A. Discharge conditions 

The pulsed discharges under consideration typically 
ixrcur in Xe at densities of [Xe] = 10|g-10:<lcm 'doped with 
Na at densities of [Na] = 10"-3x lO17 cm '. The electron 
densities (w,) are typically 10l4-1017 cm ', the electric field 
to total gas density ratios £7^ are in the lO'MO ,7 V cm2 

range, the electron temperature Tc isO.3-0.5eV, and the gas 
temperature Ta 800 K, so that kTstOXfl eV. Here and 
throughout this paper, electron temperatures are expressed 
in eV. Typical modeled discharge power densities are 10-104 

MW/1. It is assumed that quasi-steady-state discharges will 
be terminated before excessive (~ 300 *C) gas heating oc- 
curs. The present models thereby emphasize steady-state 
constant gas temperature conditions. Results in Sec. Ill are 
obtained by integration of nonlinear time-dependent rate 
equations, and in Sec. V by use of a two-temperature ap- 
proximation. The near-uniform cylindrical spatial character 
of the discharge under consideration is described in Ref. 3. 

Nax«* 

Na 2 Na NaXe 

FIG. I. Energy levels and radiative and collisional processes used in the 
model Dashed lines are due lo gas collision processes, solid line to electron 
collisions, single wavy lines lo spontaneous emission, and double wavy lines 
lo absorption and stimulated emission. Ionisation from and inverse loniza- 
tion lo all Na levels are included in the model, although only those to higher 
levels are indicated here Some vibralional levels of Na/ are indicated, 
although Na/ is treated as a single state in the calculations. Fig. I shows the 
alternate paths for electron-Na ' dissociative recombination leading to Na 
atoms in the 3/> or n -- 6 levels 

Here we consider only a uniformly excited region in the posi- 
tive column of the discharge. 

We initially treated only a few Na excited states in the 
modil and calculated theelccirun energy distribution from 
the Holtzmann equation.'' However, at the high-power den- 
sities necessary for the desired [Na(3/7)j/[Na(3i)] excitation 
fraction, both the experiments and theory indicated that 
higher excited states were playing an important role in the 
discharge. Also, the fractional lonization is high enough so 
that electron-electron collisions could be expected to largely 
Maxwellianize the electron energy distribution.4 Thus, the 
calculations presented here utilize Maxwellian electron en- 
ergy distributions and Na excited states up to an effective 
quantum number of IS. 

B. Atomic states 

An Na(3/j)/Na(35) fraction of ~0.05, which is equiv- 
alent to an ~0.5-eV excitation temperature, is desired for 
efficient laser action. [As another example, 
TK7*)/Tl(<Pi/a)ai0.02 equivalent to T, »0.85 eV is desired 
for a Tl-Xe excimer laser.'] If this excitation temperature 
results from a balance between electron excitation and deex- 
citation of Na(3/»), then an electron temperature Tt of ~0.5 
eV is necessary. Electron collisions with Na(3p) atoms will 
then tend to produce a similar excitation temperature be- 
tween Na(3/>) and higher excited states. Radiation will lower 
the excited state populations, but at the electron densities in 
these discharges this is a minor effect. If the excited Na den- 
sities are c\ aracterized by an excitation temperature in this 
0.5-fV range, then the electron collisional excitation and 
ionization rates out of excited levels increase with increasing 
excitation energy of the level. Thus, highly excited states 
must be considered in the ionization balance. We have in- 
cluded Na states with an effective principal quantum num- 
ber n up to 15 in the present model, and we allow for the 
effect of still higher levels thiuugh the collisional rate coeffi- 
cients assigned to this terminal n = 15 level. 

> .ie highly excited Na states art strongly mixed by elec- 
tron collisions, so that most of the population resides in the 
high angular momentum states. These states are very hydro- 
genic and very nearly degenerate at integral n values. Conse- 
quently, we have simplified the level structure by grouping 
all states above 4p into 11 hydrogenic levels, n = 4-15, as 
shown in Fig. 1. This also allows the use of hydrogenic cross 
sections for electron collisions with highly excited states. 
Tests of the validity of this approximation are discussed in 
Appendix A. We have included the lowest excited states of 
Xe as a single Xe*. and the processes e + Xe**±2e -I- Xc*. In 
fact, the Xe' ions are rapidly convened into Xe2* ions, which 
undergo dissociative recombination to form Xe*. For the Tt 

considered here, the densities of Xe* and Xe* are much lower 
than Na* and Na*, and they do not significantly influence 
the kinetics. 

C. Molecular species 

The lower energy levels and ionic forms of Na, Naa, and 
NaXe are shown in Fig. 2. The A-X band of the NaXe ex- 
cimer is a broad continuum extending from the 590-nm Na 
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FIG 2 Electronic energies of various NaXe. Na,, and Na states. The Na_.. 
Na.' .andNa. p<Mentials are from Ref 14. NaXe'from Ref. 12,NaXeand 
Na\e{A 7/) from Ref. 10. and NaXe(42') from Ref. 11. 

resonance line to ~ 720 nm; the 700-nm region of this band is 
the most favorable region for excimer laser action.10 The B 
state of NaXe, not shown in Fig. 2, is a repulsive state corre- 
lating asymptotically with Na(3^) and Xe('50). The B-X 
band of NaXe extending from 560-590 nm is very weak and 
from thermodynamic arguments is not expected to exhibit 
net gain.' The As2 state radiates a As2-X£ band" which 
could have net gain in the present discharges if sufficiently 
high excitation temperatures are obtained. Higher levels of 
NaXe are not shown, but they are expected to exhibit a Ryd- 
berg-like shape, approximately paralleling the NaXe' 
potential.'2 

At the typical Na densities of lO'^-lO'7 cm ' under 
consideration, a few percent of the Na is bound as Na2. The 
associated AX (560-800 nm) and B-X (450-500 nm) bands 
of Na, can cause severe absorption, although the A-X band 
may also be capable of yielding net gain in a discharge.I3 The 
radiative lifetimes of the Na, A and B states are about 10 
nsec. The AlIf, a V/u, and X 'J/ states of Naj are 
strongly boundl4 so that the Xe-induced collisional dissocia- 
tion rate coefficient is very small. The relative populations of 
the A and a states are expected to be maintained in approxi- 
mate statistical equilibrium and are represented in the model 
by an A' state. Since Na_, molecules are depleted by electron- 
induced dissociative excitation, the Na, states are expected 
to be present at much less than their equilibrium fractions. In 
order to evaluate this effect, the A ' and X states of Na2 are 
included in the calculation, although they are minor 
constituents. 

The NaXe(/4 ) state is bound by only a few A if, so that 
the Na(3/7) and NaXe(/4 ) densities are maintained at their 

gas temperature equilibrium ratio, typically 10% as mole- 
cules for [Xe] = 2.7 x 1020 cm'', by rapid association and 
dissociation, i.e., we assume equilibrium for the reaction 

Na(3/0 +2Xe<—►NaXe(/4) + Xc. 

The dissociation rate per NaXe(y4 ) molecule is about 10'° 
sec ' at typical [Xe] = 1020 cm ', so that the equilibrium ra- 
tio of (NaXe(/l )]/[Na(3/7)][Xe] = K^ is maintained as long 
as the destruction of NaXeM ) as the result of deexcitation by 
stimulated emission and of dissociation and deexcitation by 
electrvitis is slower than 10'° sec '. This is expected to hold at 
the raiio rt,/[Xe] < 10 ' and the incident optical intensities 
considered here. Vibrational and rotational excitation of 
NaXe 1-state molecules by electrons is expected to be slow 
compared to vibrational and rotational relaxation by Xe so 
that these electron collisions car. be ignored. The observa- 
tion in Ref. 3 of a nearly thermal excimer band shape, corre- 
spond i ng to a vibrational temperature at the gas temperature 
T, also supports these expectations. In the present calcula- 
tion we therefore include only molecular states connecting 
to the Na(3/)) states, with the implicit assumption that the 
equilibrium portion of this is in the form of NaXe ^-state 
molecules. Thus, all inelastic collision cross sections of elec- 
trons with the molecules are effectively assumed to be identi- 
cal to those for the parent Na state. 

The Na(3/>) states radiate with a lifetime of 16 nsec 
while the NaXe A and B states have slightly longer and 
shorter radiative lifetimes, respectively. Therefore, the com- 
bined Na(3/>) -I- NaXe(/?) + NaXe(-4 ) population radiates 
with an effective lifetime near 16 nsec. From the normalized 
emission spectrum of this composite population, and the ab- 
sorption coefficient derived therefrom,10 one finds about a 
10% probability that a photon is emitted in an optically-thin 
portion of the spectrum (for a 0.2-cm escape distance and 
[Xe] - lO20 cm '), i.e., the effective radiative lifetime for this 
combined population is about 160 nsec. This effective radia- 
tive rate constant is not very sensitive to [Na] and it scales 
linearly with [Xe] for values below 102' cm"3. The stimulated 
emission coefficient at 700 nm is ~ 10'l6 cm2 per NaXe(y4 ) 
molecule, and thus is ~ 10 l7 cm2 per total Na(3/>) popula- 
tion (bound a.id free) at [Xe] = 102" cm'3. Some of the tran- 
sitions from higher Na states to Na(3/j) are also slightly opti- 
cally thick, but since their radiative rates are much smaller 
than their electron collisional rates, this is ignored in the 
calculations. 

The NaXe* molecular ion is structurally an Na*-Xe 
molecule whose potential (Fig. 2) we take to have an —0.3- 
eV binding and Rr ~ 3.2 Ä from experiments and theory.12 

(We have no information about TIXe*.) The fact that only 
one molecular ground state results from this interaction be- 
tween closed shell ('SQ) monomers has a profound effect on 
its collisional and optical properties. Thus, NaXe* cannot 
absorb in the visible, and the highly excited states of Na*-Xe 
will all nearly parallel the single Na*-Xe potential. The latter 
properly yields the expectation that Xe collisions will not 
efficiently quench highly-excited Na* atoms or bound Na*- 
Xe molecules and, as discussed further below, that dissocia- 
tive recombination with NaXe* will have a small rate coeffi- 
cient.^ The reactions Na* -|-2Xepi:NaXc* -|- Xe will be very 
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fast12 at high [Xe], yielding a ratio of [NaXe'l/INa^Xc] 
very close to the equilibrium ratio /T^ at all n,. considered 
here. As discussed in Sec. Ill, the size ofK^ is very impor- 
tant in determining the effective rate of electron recombina- 
tion in the discharge. 

The Na:' molecular ion potentials, from Ref. 14, are 
shown in Fig. 2. Under the conditions considered below, 
Na/ is a minor constituent in the discharge, so that absorp- 
tion bv N a," (see Ref. 16) and emission from excited states of 
Na,* are expected to be negligible. However, e + NaJ 
—»Na* f Na is the dominant electron recombination 
mechanism in our model. Na2' will be formed by the ex- 
change reaction Na  •NaXe'-'Na/  + Xe. Due to the low 
[Na]/[Xel ratio, the equilibrium ratio of [Na/ ]/[NaXe*] is 
typically on the order of 1; rapid dissociative recombination 
of Na2' normally makes this ratio much smaller. 

The highly excited states of Na are expected to have 
associated NaXe states with binding energies about equal to 
that of NaXe*. If predissociation of lower excited states of 
NaXe occurs to form excited Na, the loss of NaXe* will 
cause a net downward flow of excitation in the molecular 
excited state ladder and produce departures of the Na* pop- 
ulations from Bolt/.mann equilibrium in the same manner as 
dissociative recombination of electrons with NaXe'. Howev- 
er, as discussed in Sec. Ill, the experimental lower excited 
state population data seem to show that departures from the 
Boltzmann plot are small. The contribution of this process to 
the energy balance is evaluated in Appendix B. 

0. Electrons 

At the typical ionization fraction of interest to us, i.e., 
/i, /[Xe] - 10^ energy exchange by electron-electron colli- 
sions is much more rapid than energy loss by recoil of Xe. 
Inelastic and superelastic collisions with Na* are largely in 
balance so that the net energy transfer rate between electrons 
and Na* is much smaller than between free electrons. There- 
fore, the electron energy distribution is expected to be very 
nearly Maxwellian at a temperature T,. The range of valid- 
ity of this assumption for the higher excited state densities is 
being investigated separately.17 

E. Collision rate coefficients 

The simplified model used considers the states shown in 
Fig. 1, plus Xe*, Xe*, and Xe2' . In addition to Na2 (X), 
Na2C4 ), Na*, NaXe*, and Na,' , hydrogenic levels of Na 
from n - 4-15 and the 3s, }p, 4.s, 3rf, and 4^ levels of Na are 
included. Electron collision rate coefficients between n = 4 
and« = 15 levels and for ionization of these levels are calcu- 
lated from the hydrogenic cross sections of Johnson,1" by 
integrating over the assumed Maxwellian energy distribu- 
tion. Additional details for these and other rate coefficients 
are given in Appendix A. Calculations by Moores et al." are 
used for cross sections within the five lower Na levels, and 
scaling and detailed balance arguments are used for rate co- 
efficients between the five lower Na and the « = 4-15 levels, 
as described in Appendix A. In order to account for the 
n > 15 levels that are neglected, we give the n = 15 level an 
ionization rate coefficient equal to about one-third the rate 

for the n = 15 to /i = 16 step. This is about 20x the direct 
ioni/ation rate coefficient and is close to the effective multi- 
step ionization rate coefficient.20 The « = 14 ionization rate 
coeflident is interpolated between this and the « = 13 value. 
Since the electron energy distribution is Maxwellian, all i-*j 
rate coefficients kH are related by the thermodynaraic ratio 
V*,' - (*/«■) exPl(£. - E, )/kT' 1-Thethermodynam- 
ic (Suha) equilibrium condition is also used to relate ioniza- 
tion and inverse ionization rate coefficients. This condition 
is usually written as 

*..  [Na ' ] [Na(/i)l flrrmk^V 

Xexp[-£l(ii)/'*r.l, (1) 

where E,(n) is the ionization potential of the nth level. The 
statistical weights areg, = 2 for the electrens and g. = 1 for 
Na* Theg„ vary from 2 for the 3s level to 2n2 for the hydro- 
genic levels. 

The only heavy particle collision rates entering the rate 
equations are those for Na, (A") and Na2 {A ') association and 
dissociation "[as noted above, the NaXe(y4 )/Na(3/?) ratio is 
assumed in equilibrium], i.e., 

Na(3s) + Na + Xe^Na2 (^) + Xe +0.5 eV, 
and 

Na(3p) + Na + Xe^Na2(/<') + Xe +1 cV, 
and tor the ion-molecule processes, 

Na* +2Xci=±NaXe- + Xe +0.3 eV, 
and 

NaXe* + Na*±Na.' + Xe +0.7 eV. 
Wc assume that all mole ules are in an equilibrated vibra- 
tional and rotational dist ibution at 7, and the ratio of for- 
ward to backward rate c (efficients is given by ^uilibrium 
relai ions at the gas temp -rature T; these rate coefficients are 
given in Appendix A 

One of the most important processes controlling the 
behavior of these discharges, in which most of the ions are 
molecular and TK TC , is dissociative recombination of elec- 
trons with ine molecular ions. Dissociative recombination is 
generally described21 in terms of a curve crossing of the dis- 
sociative diatomic state {AB *) with the molecular ion state 
{AB ). In homonuclear diatomics such crossings always oc- 
cur because symmetry considerations lead to a repulsive as 
well as an attractive moleculcr-ion state, thus some of the 
Rydberg-like A f states will parallel this repulsive state and 
cross the (attractive) A 2

4 state. This situation applies to 
Na..  dissociative recombination, so that we expect it to have 
the typical large rate coefficient observed for the heavier in- 
ert gas diatomics,22 e.g., 2x 10-7(0.026/T,)l/2 cmVscc. For 
NaXe*, on the other hand, only one attractive state occurs 
and the Rydberg-like NaXe* states will not cross this ion 
state. The rate coefficient for NaXe* dissociative recombina- 
tion is thereby expected" to be much smaller than the Na/ 
value. Including NaXen

+ clusters does not modify this con- 
clusion. For the same reasons, associative ionization to form 
NaXe* is assumed not to occur. Consequently, we have taken 
a(NaXe*) = 0 in most of the calculations. Unless the rate 
coefficient for Na* + Na + Xe -»Na/ + Xe were usually 
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large, e.g., 10 "cmVsec AtheNa,* is formed predominant- 
ly from NaXe* through the NaXe' + Na-»Na/ + Xe ion 
exchange process. Due to the low Na density, this process is 
usually the rate-limiting step that determines the electron- 
ion loss rate in the discharge. For this ion exchange rate 
coefficient A,, we use a Langevin rate coefficient, and believe 
that this should be fairly accurate. However, the final Na* 
product state of the Na.' dissociative recombination must 
be estimated by fitting the model to the experiments. 

The curve-crossing model predicts that the final state 
products of Na,' dissociative recombination 
[Nai'  + e »NaC/i«) + Na ] will be an atomic state bound 
by about 2.3 eV, which is the vertical dissociation energy of 
Na/ . This would apply to Na,' in the ground vibrational 
state, whereas the same model would predict that an excited 
virbrational state would dissociate to less strongly bound 
Na* states. Thus, we expect a distribution of final states la- 
beled by principal quantum numbers n*, with the mean val- 
ues of nM increasing with Na/ vibrstional temperature. For 
convenience we often use a single /iÄ, representing the effec- 
tive value of this distribution. 

Destruction of excited Na in collision with Na, by asso- 
ciative ionization to form Na/  + e, occurs with a typical gas 

IÜ1 

'I      I I  '    I    TTWI 

EXCITATION ENERGY   (eV) 

FIG. J. Calculated Na exatcd-slau densities [Na(/)] divided by g, - 21, 
t I versus excitation energy. The states used in the model, except n     10- 

14, are indicated above l he abscissa and the calculated densities are shown 
as points. The conditions are [Na],, ^ 3.5 X 10'" cm ' and [Xe] = 2.7 X lO20 

cm ' for the top curve, and [Na],, = 6 3 x 10" cm ' and [Xe] = 4.5 X 10" 
cm ' for the other cases, with T = 0.38 eV in all cases. The states n^ pro- 
duced by Na,' dissociative recombination are indicated by arrows For the 
top and bottom (x and  f ) curves, n* = 6 and k   = 10" cm's ', resulting 
inn, = l^xlO"1 and 3.5x10"cm ',respectively. The otherC»)«, =6 
case uses *„ = 2 x 10" cm1 s ', with the larger *„ causing a decrease in 
ionization (n, ■ 2.6x 10"cm ') relative to the ( + )case. In the (0) case, n, 
» 4i and *„ - lO'cm' s ', resulting in n, = 1 1 X 10" cm '. 1 he dashed 

line case used the same A„ combined with Na,' dissociative recombination 
distributed equally to the five states between id and 6, resulting in n, 
= 7.4xl0'4cm'. 

II 2 3 4 5 6 
EXCITATION  ENERGY (eV) 

FIG 4 |Na(i)l/«, for (NaJo = 3.5 x 10'*cm1. [Xe] = 2.7x lO^cm ,, and 
as a function of the indicated electron temperatures. Na/ dissociative re- 
combination to nK m ip. as indicated by the arrows, is included with A, ,„ 
= 2X 10 7(0.026/7: )"2and*„ a 10'em's '. NaXe'dissociative recombi- 

nation iiinx = 3/», with the same A,,„, is also included in the upper (V)0.52- 
eV case The resulting «, are, from top to bottom, 1.1 X 10", 3.5 X 10'4, and 
3.2x10"' cm '. These points at the ionization limit represent the electron 
and ion density through Eq. (2). 

kinetic rate coefficient.2' Due to the low Na density, it is 
negligible compared to multistep ionization by electrons. 
Similarly, ion pair formation (Na* + Na-*Na* + Na") is 
negligible. 

We expect excitation and deexcitation of the highly ex- 
cited Na states in collisions with Xe atoms to be slower than 
electron excitation and deexcitation, since these Rydbcrg- 
like NaXe* potentials should be approximately parallel to 
the single NaXe' potential and do not provide the necessary 
curve crossings. Even in the case of the homonuclear system 
of H* collisions with H atoms, theory24 shows that the elec- 
tron collisions dominate for [e]/[H] > 10"5. We have tested 
for the influence on excited-state densities of an n = 5-->4 
quenching rate coefficient of 3 X lOVsec"', the maximum 
rate that appears feasible in the absence of long-range curve 
crossi ngs." This had a small effect for typical discharge con- 
ditions, but the cumulative effect of quenching many states 
was not evaluated. 

The model described above is the basis for formulating 
a set of differential equations which describes the various 
processes occuring in the discharge and the time evolution of 
the species' densities and level populations. The rate equa- 
tions are Stiff differential equations and are solved numeri- 
cally using a Gear package.26 

III. RESULTS 

The efficiency and pulse energy of lasers based on the 
discharges discussed in this paper are greater if they can 
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EXCITATION ENERGY 

FIG. 5. Samf quantities as in Fig 3 as a function of 700-nin radiation 
intensity/, with (Na),,-2.7x10" cm ', |Xe| = 2.7x lO^'cm \T, =0.52 
eV. and n,      ip. The closed circles are for / - 0, the X for / - 320 
MW7cnr, and the open circles for / - 560 MW/cnr, the corresponding 
values of n  are 2 Ox 10", 1.65 x 10", and I^xlO^cm', respectively. 

operate during the relatively long steady-state portion of the 
discharge. This is due to the energy initially required to ion- 
ize a major fraction of the Na atoms. The data in Ref. 3, to 
which we will compare, also represent steady-state condi- 
tions. Consequently, we will concentrate here on the calcu- 
lated steady-state densities of the 17 Na states in the model, 
and of the ion and electron densities. The calculations were 
made for fixed electron temperatures. As expected, there is 
an exponential buildup of n,, from the assumed starting elec- 
tron density of 10'" cm'3, an increasing rate of ionization as 
ne increases, and once w,. exceeds about 1014 cm 3, there is 
convergence to the steady-state conditions within a few nan- 
oseconds. In cases where the neutral Na density is severely 
depleted at steady state, the excited-state densities are larger 
during the rapid ionization transient than for steady-state 
conditions. 

The excited state and ion densities in the steady-state 
positive column depend on 7",,, nÄ, and the effective dissocia- 
tive recombination rate per Na' ion. The latter rate depends 
on the [NaXf']/[Na) ratio, which is assumed in equilibrium 
at the gas temperature. Since Na/ is formed by NaXe* 
+ Na-^Na/ + Xe, with rate coefficient ku, the effective 
Na/ dissociative recombination rate per Na* is proportional 
to*., [NaXe']. The actual ratio [NaXe'HNa-] = K^ [Xejis 
<;0.5 at the (Xe]s4.5 X 1019 considered in Ref. 3(a), and as a 
result the effective dissociative recombination rate is too 
small to significantly perturb the [Na*] and [Na*] densities, 
i.e., these densities relative to [Na] are very close to the Saha 
ratios at T,, in agreement with the Na-Xe discharge data in 
Ref. 3(a). The laser gain which results from this limit is con- 
sidered in Sec. V. 

In contrast to the Na-Xe case, the Tl-Xe discharge data 
of Ref. 3(b) does not fit the Saha relation for the higher n. 
This implies a more rapid dissociative recombination and 
thus larger values of A^ [XeJ and/or a much lower energy 

for the atomic level resulting from dissociative recombina- 
tion. I n order to investigate this type of behavior, we have 
used ill other ci oss sections as appropriate to Na and Xe, but 
increased /^ by a factor of 10-20, corresponding to0.45 eV 
rather than 0.30 eV of molecular ion binding, i.e., [NaXe') 
an.   We have then systematically varied Te,nR, and A:a. 
We will illustrate the effect of these parameters, and of in- 
cluding NaXe' dissociative recombination in the examples 
shown in Figs. 3 and 4. The effects ■ f variations in the st.au- 
lated emission rate caused by external radiation are shown in 
Fig. 5 for the case of «„ = 3p. The calculated values of ex- 
tracted power densities and laser amplifier efficiency for the 
nh     b (Saha) case and for n* — 3p are shown in Fig. 6, 
Detailed discussions of these results are presented in the 
Sees IIIAandHIB. 

A. Excited state densities 

in Figs. 3-5 we show results of our calculations in the 
form of plots of the log of [Na(i)/^, ] versus excitation ener- 
gy. We use 21, +1 for the statistical weight, neglecting the 
alkali spin, since the actual ground state Na density then 
appears on the abscissa. An excited state distribution at the 
electron temperature (Saha condition) would appear as a 
straight line in Figs. 3-5. In all the cases in Figs. 3 and 4 the 
electron densities are high enough so that Na radiative rates 
are much slower than electron collisional rates and the 

IOC 

INCIDENT   FLUX,    MW/cm2 

FIG i  Stimulated radiative power extracted from the discharge (lower 
four curves) and laser amplifier efficiency (upper three curve«) as a function 
of incident optical power at 700 nm. The solid curve» »re for the conditions 
of Fig 5. The chain ( ) curves are for [NaJo = 3.5 X 10" cm ' and 
»in = ip. The long and short dashed curves are for n, = 6 and for 
[Na)(1 = 3.5X 10'" and 2.7x 10" cm ', respectively, conditions which re- 
sult in near Saha values for n, and all [Na*]. 
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[Na(/)/^, ] for the lower energy states do nearly fit a straight 
line at the electron temperature. However, above the termi- 
nal Na* state of recombination /»„, the population distribu- 
tion frequently falls below such a stright line. In this region 
of excited state energies, electron collisions are exciting Na* 
up a ladder of increasing // and then ionizing the higher n 
levels. The resulting Na' forms NaXe* and Na/ , which then 
dissociatively recombine to Na(nÄ) + Na(3i) to complete 
the cycle (see Fig. I). Thus, competition between excitation 
and ionization by electrons and recombination on Na/ re- 
sults in population ratios [Na(n +l)]g,1/[Na(/j)k'„ ,, for 
n>nH whose average behavior is characterized by an excita- 
tion temperature between T, and T. Using predicted scaling 
based on the Bates' approximation,20 we find that at 
n,'/[Na 11Xe 1> 104 (for then« ^ 6, T, = 0.3-0.5-eVcase) 
this excitation temperature approaches T,; at much lower 
n;/[Na][Xe] it should approach T. In a gas discharge near 
equilibrium, such as a high-pressure arc with 7= T,., in- 
verse ionization of Na' and dissociative recombination of 
Na.' would be balanced by the processes of Na excited-state 
ionization and Na* f Na associative ionization. However, 
in the present discharges in cold gas the Na/ density builds 
up so that additional dissociative recombination occurs and 
drives the net ionization below the Saha value appropriate to 
T 

'    In Fig. 3 we show the effect of varying kü and nÄ at a 
fixed T, =0.38 eV. The values [Na]() = 6.3 X 10" cm'1 and 
[Xe] = 4.5 X 10'" cm ' are used for the four lower curves in 
Fig. 3; these values are representative of the densities used in 
the experiments of Refs. 3(a) and 3(b). In the lowest ( + ) 
curve,nR =6and^u = I X lO^cm's ';thertÄ valueisindi- 
cated by an arrow. Note that the densities follow a 
T,. = 0.38-eV straight line for /i<6 and dip slightly below 
this for n > «„. In the next higher (•) case, kt is increased to 
2 X 10 " cm' s '. The dip below a T, = 0.38-eV lin • *br n > 6 
is more pronounced than in the first case because oi 'he fas- 
ter rate of Na/ formation and dissociative recombination. 
The effect of changing nK can be seen as follows. The dashed 
line results from distributing the dissociative recombination 
equally between n^ = 3d, 4p, 4, 5, and 6 states, with 
^ = 1 X 10* cm' s '. Note that the increased difficulty of 
laddering upward from these levels has caused a major drop 
in n, and the density of high n states. In the (0) case, 
*a = 1 X 10 g cm' s ' and nR = 4s is still more strongly 
bound, causing n, and the densities of states with high n to 
drop still further. 

To indicate density dependences, the too v X) curve in 
Fig. 3 again has nK =6 and ka = \x I0"v en.1 s ' as for the 
lowest ( + ) curve, but both [Na]„ and [Xe] ha^e been in- 
creased by about a factor of 6. These two nR —f> cases dip 
below the Saha (straight) line by about the same amount, 
indicating that there the density dependence is relatively mi- 
nor (at constant [Na](/[Xe]). This is due to a balance be- 
tween the effective recombination rate (proportional to 
[Xe]) and the effective ionization rate (roughly proportional 
to «,. which varies as [Na],,). 

The Na,' dissociative recombination rate coefficient 
km was varied slightly in the different cases in Fig. 3, but the 
consequences are minor since the NaXe' -»Na/ ion ex- 

change is the primary recombination rate limiting step. The 
value A „A = 2 X 10v(0,026/7'. )l/2 was used for the cross 
and plus cases in Fig. 3, kt>K = 1 x 10-7(0.026/7; ),/2 for the 
open circle case, kDH = 5 X 10"(0.026/7; V'2 for the solid 
circle ease, and kM ^ 2 X 10" (0.026/7; )"2 to each state 
from 3</ to 6 for the dashed-line case. 

In Fig. 4 we show Tr dependence, for 
[Na]0    3.5X lO^cm 'andpCe] = 2.7 X 1020 cm 3 as would 
be appropriate for excimer laser We have used nR = }p ex- 
amples to illustrate departures from the Boltzmann equilib- 
rium for higher T,, i.e., for «„ > id the densities would satis- 
fy a Boltzmann equilibrium at all «in the 7", = 0.52-eVcase. 
In the /iÄ = 3/7, 7",. = 0.52-eV case (open circles in Fig. 4), 
the Na* densities fall about a decade below the Saha limit at 
high n. while in the T, = 0.43-eV case they drop about five 
decades below this limit. This abrupt change from near Saha 
equilibrium to severely depleted [Na*] occurs for any ^; for 
higher «„ the critical T, is lower. The abruptness of this 
change is due to strong positive feedback; an increase in the 
laddenng-ionization rate coefficient with T raises nr, which 
further enhances the ionization rate. In the final example in 
Fig. 4 (V), we have added rapid NaXe* dissociative recombi- 
nation to show the major effect this has Since in this case the 
recombination does not proceed via the relatively slow 
NaXe 4- Na-*Na2< + Xe process, it very effectively de- 
presses nr and the [Na*] at high n values. 

The relative Na* densities for w = 12-15 in cur model 
are normally (for n, > lO^cm^determincdby 7;,since the 
n, -n +1 collisional mixing rates increase rapidly with in- 
creasing n, and greatly exceed the dissociative recombina- 
tion flax for n > 10. Thus all states above n-- 12 closely fol- 
low a T, slope. From the Saha condition, which must hold 
for the very high n, we have from Eq. (1) 

I NaVg* L = (2fl™/t r. /h 2)-3'2 [ Na' ] n, /2g\ (2) 

where [NaVg*], isthc«-*oc limit of [Na(n)]/g„ and 
g' — 1 is the Na* statistical weight. Thus, the calculated n, 
and [Na*] should yield a [Na*/g*], from Eq. (2) that is 
consistent with the n = 12-15 values of [Na(/i)]/g,. Using 
Eq. (2) we have calculated the [Na*/^*]^ points at tht Na 
ionization limit in Figs. 3 and 4, and it can be seen that these 
fit an extrapolation of the n = 10-15 densities. 

One can also use the experimental«, from Refs. 3 and a 
calculated [Na*]//i, value to obtain an experimental value of 
[Na*/^*]. from Eq. (1). For the [Na]0 = 6.3 X 10" cm"3 

and [Xe] = 4.5 X lO1" cm 3 case, the ratio [NaXe*]/[Na'] is 
expected to be near the equilibrium value of AT ^ [Xe)s»0.4 
and [Na2

+ ]<«,, so that [Na'] + [NaXe*] + [Na2
+ ] = «, 

yields jNa'] a«,./l .4. Usin^ this relation in Eq. (2) with the 
experimental nr yields an experimental point at the Na ion- 
ization limit. (The n, are calculated in Refs. 3 from mea- 
sured current densities and E /N values and calculated elec- 
tron mobilities.27) For the data in Fig. 5 of Ref. 3(a), 
n, = 2xl0l,cm ' and3.5x I0l4cm ', respectively, for the 
0.38 and 0.33-eV cases. The resulting ionization-limit points 
at 5.14 eV are ~4X 10" cm ' for the Tt - 0.38-eV case and 
~2x I08 cm"3 for the 0.33-eV case, i.e., the 0 38-eV point 
falls slightly below theextraploation of the 0.38-eV Saha line 
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in the figure of Ref. 3(a), while the0.33-eV point falls about a 
factor of 4 below the 0.33-eV Saha line. 

In the Tl case, we do not have even an estimate of Ä" ^ 
for TIXe', although the rapid decrease in [TlV/j*] above 4.5 
eV in Fig. 8 of Ref. 3(b) suggests that K, ^ is much larger 
than for NaXe' and the effective energies of the T\*{nl() 
states are near 4.5 eV. Since n  is an upper limit for [IT], one 
can still obtain an upper limit to [TlVj?*], using [TV] = n, 
and the experimental fl, in Eq. (2). This has been done in Fig. 
8 of Ref. 3(b), where it can be seen that it confirms the exis- 
tence of a major falloff of the high n densities relative to the 
Saha condition. These TI data bear considerable resem- 
blance to some of the calculated curves in Figs. 3 and 4. 

B. Stimulated emission and efficiency 

For metal-excimer laser operation, one would like to 
obtain a large population in the first excited state, corre- 
sponding to a high excitation temperature, i.e., Tt >0.5 eV 
for the Na case. If the higher levels are also at T,, however, 
most of the neutral metal atoms will be ionized. One solution 
to this problem is to increase [Na]0; then the Saha relation 
[Eq. (2)] forces the ionization balance toward a smaller frac- 
tional ionization. The medium gain in the Saha limit is con- 
sidered in Sec. V. Another possible solution occurs if the 
high n levels are depressed, relative to Boltzmann equilibri- 
um at /,, by dissociative recombination, as in some cases in 
Figs. 3 and 4. In order to explore this latter possibility in 
detail we have included stimulated emission in the model. 
We continue to use aK ^ of ~ 10 times the value for NaXe* 
in order to represent systems in which dissociative recombi- 
nation can drive the high Na* and n, below the Boltzmann 
equilibrium values. The expected n* are of course unknown, 
but states bound by up to 2 5 eV are expected in the Na case 
and the following results are not very sensitive to the choice 
of/!„ = 3/j (bound by 3 eV and 4i (bound by 2 eV). Thus we 
use n„ = 3/7 in the following illustrative example. 

In the two-temperature model with weakly bound cx- 
cimers,1 the ratio of excimer band stimulated emission cross 
section a, — gy /[Na(3/>)J to absorption cross section 
aa = /t. /[Na(3i)] is given by (1/3) exp [h (v0 - v)/kT], 
where v0 is the atomic transition frequency. The open circle 
case of Fig. 5 involves high laser powers, where the absorp- 
tion and stimulated emission rates are almost equal. For this 
condition, [Na(3i)]/[Na(3/>)] is driven to the above ratio, 
which corresponds to an Na(3/>) excitation temperature of T 
v» /(v(i — v) For ""TO-cm radiation and 7" = 750 K the quan- 
tity 7" v(,/(v(, - v) is-0.40 eV. We user., - 0.52 eV in the 
examples to be given, so the laser-induced transition between 
35 and 3p drives the [Na(3/j/]/[Na(35)] population tempera- 
ture from 0.52 eV toward 0.4 eV, thereby extracting power 
from the medium. This transition in the population ratio 
occurs when the stimulated emission rat: equals or exceeds 
the electron quenching rate for Na(3/5) atoms. One can thus 
estimate the maximum power available for extraction as be- 
ing about equal to that going into ip quenching by electrons; 
the following calculations confirm this expected behavior. 

We have cnlculat'-d excited state densities and excimcr- 
band stimulated and absorbed power densities as a function 

of incident Flux I for a 700 nm wavelength, Tr = 0.52 eV, 
and | Xe] = 2.7 x 1020 cm J using gain and absorption coefli- 
cienis^v/[Xe][Na(3/>)] = 5x 10-,l, cm5 and 
*v/[\c][Na(3.r)] = 7.5 X 10 40 cm* from Ref. 7 for F = 750 
K. For [Na](, = 2.7 X 10" cm'3, the resulting Na» popula- 
tion distributions are given in Fig. 5 while the output powers 
and ctficiencies are given as a function of incident radiation 
power by the solid curves in Fig. 6. (This incident power 
would be intercavity power in a self-oscillator.) The sh-rp 
peaks in the stimulated power and the abrupt increases in 
efficiency in the n„ = ip cases in Fig. 6 are due to a sudden 
drop in «, by about an order of magnitude, as seen in Fig. 5. 
This occurs because the [Na(3/»)]/[Na(3s)] ratio is lowered 
by the laser power. Since ionization occurs by multistep exci- 
tation from Na(3/7), nr is therefore forced to decrease, and 
this also makes the multistep ionization less rapid, which 
further decreases nf. At fixed T, the discharge can thus un- 
dergo a type of phase transition from highly ionized Na and 
large n, to slightly ionized Na and low n,. In the 
[Na],, = 3.5 X lO^tm'case, also shown in Fig. 6, this tran- 
sition to low n, occurs at a lower incident radiation field. 
Thus far. our models have examined this effect only at a fixed 
7", corresponding approximately to a fixed discharge volt- 
age. If the power supply had an internal impedance compa- 
rable to or greater than the discharge impedance, the dis- 
charge voltage would rise, causing an increase in 7", and 
tending to maintain n, near a constant value. The net gain, 
extracted power, and efficiency should then be larger than 
indicated in Fig. 6. The maximum net gain coefficient in Fig. 
6 is,i,', —A, * 0.03 cm ' withg, =»0.05 cm 'for 
[Na], = 2.7 x I017 cm ,. It is important to note that each 
excimer emission event transfers a fraction (v0 — v)/va0.19 
of the photon energy into gas heating, whereas an absorption 
event causes an equal amount of gas cooling. Therefore, the 
efficiency is not very sensitive to the amount of net stimulat- 
ed emission in the excimer band. 

For comparison, we have also indicated in Fig. 6 (short- 
and long-dashed curves) the stimulated power that would be 
extracted if nÄ = 6, still with the larger AT ^j In this case, n, 
and all [Na*] are very near the Saha values. These stimulated 
powers rise smoothly with increasing incident flux as n, is 
nearly constant. At low fluxes, net gains are approximately 
0.015 and 0.006 cm ' for [Na]u values of 3.5 X 10'* and 
2.7 X I0!7cm 3. At high incident fluxes the calculated dis- 
charge efficiency approaches about 60%, with the energy 
lost primarily by thermalization of the A'and/< states of 
NaXe following stimulated emission and by electron excita- 
tion of molecular ions (see Appendix B) 

The maximum efficiency for extracted power in the 
nR = 3/> cases of Fig. 6 also ~ 60%, with 19% going into gas 
heating during rethermalization of the NaXe molecules and 
with the remaining ~ 20% going primarily into dissociative 
recombination of electrons and Na/ ions. This large effi- 
cieney is the result of the large rates of Na(3/7) deexcitation 
collisions and of the consequent large rate of saturated stim- 
ulated emission compared to the effective rate of ionization 
for Na(3/7) atoms. The maximum extracted power at ~ 350 
MW/cm2 incident laser flux is - 10 MW/cm' or 103 J/l in a 
0. l-/isec pulse. (The pulse length is limited to -0.1 /zsec by 

1313 J Appl Phys., Vol. 51, No 3, March 1980 Shuker, Gallagher, and Phelps 1313 

• 



gas heating.) We must reemphasizc that this in xlel applies 
to a hypothetical excimer with ÄT^ > lO"" cm2 and in which 
the equivalent o(e + Na^' -►Na(3p) + Na(3i) occurs. Fur- 
thermore, asdiscussed in Sec. IV, the model does not contain 
an unknown process that is responsible for approximately 
75% of the discharge energy reported in the measurements 
of Ref. 3. 

IV. DISCHARGE ENERGY BALANCE AND I// CURVES 

Once the kinetics have been established (see Sec. Ill, 
one expects to be able to write down the energy balance for 
the metal-rare gas discharge. In principle the energy balance 
can be used to derive volt-ampere curves for the discharge. 
However, we will show that the energy loss processes consid- 
ered in our model do not add up to the experimental energy 
input so that there must be energy loss mechanisms that we 
have not considered. Only the dominant energy loss proces- 
sess are discussed here; additional mechanisms are discussed 
in Appendix B. 

The electron energy balance equation relevant to the 
present problem is 

y£ = 2 hvRv + vu A (?; -T)ne+ (fR + 3A7;,/2)aDR 

XnjNa/ ] + (f; +3kT,/2)aiMnAHtXtr] 

+ £f„*1,/i..[NaXe-]. (3) 

Here, the power input to the the electrons is JE, where J is 
the current density and E is the electric field. The first term 
on the right-hand side is the net radiative energy loss, the 
second term is due to elastic recoil of Xe atoms, the third and 
fourth terms are due to dissociative recombination of Na/ 
and NaXe', and the last term represents vibrational and ro- 
tational excitation of NaXe*. /J, is the rate (cm"' s ') of es- 
cape of photons of energy hv and v,, is the frequency of ener- 
gy exchange collisions of electrons of temperature T, with 
the neutral atoms of temperature T. Also, 5K and e'R are the 
average ioniza'ion energies of excited atoms produced by 
dissociative recombination of electrons and Na/ and NaXe* 
ions, respectively, with rate coefficients anR and a,'jR re- 
spectively. f,; and ku are the energy transferred and rate 
coefficient associated with electron impact excitation of 
NaXe' from vibrational-rotational level i to level/ Note that 
the first, third, and fourth terms on the right-hand side of Eq. 
(3) replace the large number of terms representing the elec- 
tron energy loss and gain in excitation and deexcitation colli- 
sions with metal atoms. 

The radiative loss term in Eq. (3) includes spontaneous 
emission and stimulated emission and absorption via the ex- 
cimer band. Since we have assumed that the upper and lower 
molecular states of the excimer transition are maintained in 
thermal equilibrium with the respective atomic states, the 
energy suppi ed by the electrons per excimer photon emitted 
is equal to the excitation energy of the atomic resonance 
state. Experiments' and our calculations show that the con- 
tribution of spontaneous radiation for wavelengths between 
200 and 800 nm is only a few percent of the discharge power, 
and we believe that radiative losses are still negligible when 

shorter and longer wavelengths are included. As noted in 
Sec. IH B, for Na the net gas heating is 19% of the optical 
energ> extracted at 700 nm. 

The frequency v, as in Eq. (3) for energy exchange col- 
lisions in Eq. (3) is roughly equal to (2,m/M){am v)[Xe] for 
electron temperatures of interest in this paper, i.e., the elec- 
trons lose energy by elastic recoil of the Xe atoms. Here, m 
and M are the electron and Xe atom masses and (am v) [Xe] 
is the ;iverage frequency of momentum transfer collHons jf 
electrons with Xe atoms. Using the cross-section data from 
Ref. 27, we obtain a normalized energy exchange collision 
frequency v^fXe] = 1.5x lO-'^r,)1 'cmVsec-' for Te be- 
tween 0.3 and 1 eV. We then find that for the experimental 
n, = 2 X lO1' cm ' of the 0.38-eV case in Ref. 3(a), the ener- 
gy lost by elastic recoil is about 10% of the experimental 
power input of about 16 kW/cm'. 

Since the Na,' dissociative recombination rate is limit- 
ed by the ion exchange rate ku, the contribution of dissocia- 
tive recombination to the energy balance can be estimated as 
ka [NaJ[NaXe*]J£, where the energy loss per recombination 
AE^ ikTt/l + eR,\.t., 

«OR", [Na/ ] = ka [Na(35)] (NaXe-) . (4) 

Using a mean value of ~ 1 eV for eR, 
[NaXe*] = rt^e* [Xe]/(1 +*,;, [Xe]),andÄu = IQ-'cm3 

s ' yields recombination energy losses which are typically 
about 4% of the experimental energy input for the OJfc'ieV 
data of Ref. 3(a). [In the limit of A",; [Xe]>l, where A ^ 
refers to TIXe*, the recombination energy loss is about 20% 
of the total energy input for the Tl-Xe discharge data of Rcf. 
3(b).] If NaXe'dissociative recombination to a high n* (e.g., 
8) is added, the energy loss via dissociative recombination is 
increased by a large factor without significantly changing n, 
or the measured Na* values. Thus, adding NaXe* recombi- 
nation at high n, typically with a rate coefficient aDR of 
about half the Na/ value, is one way to explain the mea- 
sured powers. However, as indicated in Sec. II, theoretical 
arguments predict aOK of NaXe* to be much smaller and 
this contribution to ihe energy balance to be negligible. (This 
also applies to Tl-Xe and to any metal whose ionization ener- 
gy is less than the Xe excitation potential.) 

Rased on arguments in Appendix B, rotational ar d vi- 
brational excitation of the dominant molecular ion NaXe* 
appear to be a small (~ 2%) but not negligible energy drain. 
Other energy loss processes considered but rejected as too 
small to be of importance in Eq. (3) were (a) collisions be- 
tween two excited atoms; (b) inverse ionization and colli- 
sional deexcitation down the NaXe molecular excited state 
ladder to the NaXe(/f 21) state followed by dissociation and 
then by electron induced excitation and ionization up the 
atomic excited state ladder; (c) quenching of Na* states due 
to Xe collisions with a rate coefficient of about I0'10 

cmVsec"1; (d) dissociation of molecules by electron impact; 
and (e) free-free radiation, which has been calculated28 and 
also could be detected at wavelengths below 1 /im if it were 
large enough to yield a significant energy loss. We therefore 
calculate a lotal energy loss rate for the T, = 0.38 eV case of 
Ref. 3t,a) of less than 25% of the measured power input. A 
similar discrepancy is found for the Tt = 0.33-eV case. Oth- 
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er processes considered in Appendix B that could make ma- 
jor contributions to the energy balance are Eqs. (B6)-(B9) 
and possible molecular impurities. However, the rate coeffi- 
cients for Eqs. (B6)-<B9) are unknown and the impurity den- 
sities are expected to be small, so that these contributions are 
highly uncertain. 

An alternative means of examining the energy balance 
is to derive an expression for the electric field versus current 
density, or more commonly, the volt-ampere curve for the 
discharge. We first note that the current density is given by 
the relation (^ = (Xe]) 

J = enenrN(E/i\), (5) 

where//, A is the electron mobility normalized to unit densi- 
ty When £.,;>. (4) and (5) ire substituted in Ea. (3), with 
radiation neglected, one obtains the equation 

eßk.N{E/N)2 

= {eK f 3Ar./2)*„(Na(3.9)l/yV+ {vJN) 

Xk(T.-r) + (ei + 3kT,/2)at ■' + I>A 
XiJ/Nfte/i.NiE/N)]*. (6) 

From Eq. (6) one sees that when the energy loss is due only to 
Na/ dissociative recombination and Xe elastic ruooil [first 
two terms on the right side of Eq. (6)], ZT/W depends on the 
discharge current density only through the rather slow 
changes in electron temperature with J. Experimental mea- 
surements ' show that E /N increases much more rapidly 
with J than predicted from the temperature increase of these 
terms. When the last term in Eq. (6) dominates, the E/N 
varies approximately with (//JV)1''. Approximate agree- 
ment in magnitude and y /.V variation with the initial volt- 
age-current data, before measurements of cathode fall, led us 
to the no-longer-tenable hypothesis'* that dissociative re- 
combination of electrons with NaXe' was the dominant en- 
ergy loss mechanism in the experimental discharges. How- 
ever, this now appears to be very unlikely as are other 
possible causes we have investigated, such as rotational and 
vibrational excitation of NaXe*. See Appendix B for an eval- 
uation of these other energy losses. 

V. GAIN COEFFICIENT IN THE SAHA-BOLTZMAN LIMIT 

The primary objective of Sec. V is to explore the conse- 
quences of assuming that [Na*], n,, [Na], and all [Na*] are in 
Saha-Boltzmann equilibrium ratios at temperature Tr. As in 
Secs.I-I V, we assume that atomic translation and molecular 
vibration temperatures are at the gas temperature T, so that 
gain in the excimer band results at a sufficient excited state 
density, as in the two-temperature model of Ref. 1. As sug- 
gested in Sec. Ill, a rapid improvement in laser gain with 
increasing [Na]n is predicted. In the Tl-Xe case, the data 
indicate that less ionization actually occurs, perhaps due to a 
larger binding of TIXe* compared to NaXe'. A modification 
of this simple two-temperature model for this case will be 
discussed at the end of Sec. V. 

As was found in the detailed model, we assume that 
Na* +2Xe?=»NaXe' + Xe is in equilibrium at the gas 
temperature. 

NaXe'] 
iNa-l 

= [Xe]/:-(n. (7) 

where is use K^ (T) = 6X I0'M(r/670 K)"2 exp(0.3 
eV/kl ) cm '. From the calculations of Sec. Ill we find that 
[Na/ |/[Na'l<l, as expected due to slow formation and 
rapid depletion of Na/ at n, > 101, cm'. Thus, using Eq. 
(7). 

n  = [Na-] f [NaXe-j + [Na/] 

afNa-l|l + (Xe]/rc,;(n). (8) 
Combing Eqs. (1) and (8), we obtain 

n: a l + ^el/^MntlNaO*)] 
« (lirmkTJh y2 exp( - E./kT,) (9) 

If we lake into account neutral depletior, i.e , [Na(3i)] 
^[Nd],, — n,. - [Naj" ]^ [Na]0 - n, then the electron 
temperature is given approximately by the solution of the 
relation 

exp(- E./kT,) 

/irV(lN«]0-«,) 
 . (10) 

{lTrkTc/h2y'2\\ + [\t\ K^{T)\ 

Assuming equilibrium between the Na(3/0 and Na(35) den- 
sities at r,, we see that the [Na(3/>)] density can then be 
expressed as 
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FIG. 7 Maximum net gain versus initial sodium density [Nh],, The num- 
bers in square brackets are the electron temperatures in eV and the numbers 
in parentheses are the ratios of n, to [Na],,. 
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[Na(3/»)j 
exp[ -EiipVkr,.] 

3([Nil0-«,) 
= [exp(-£//*r,)]2leV/5,4'v.        (11) 

When Eq. (11) is substituted into the expression for the 
netgain,i.e.,C = a1[Na(3/»)] -<?„ [Na(3i)],t .obtainthe 
relation 

[NaUl 
V(l -Y)"        <rJ 

(12) 
er, \(1 

where^ = /j,./|Nal(). B = 3[Naig [{2irmkT,/h 2)J/J 

X(l +[Xe]A:,;)]   ". and «-2.1/5.14 = 0.41. Since Ä 
varies slowly with Tt, most of the variation in gain with 
electron temperature has been absorbed into the variation 
with electron density. We therefore maximize the gain in Eq- 
(12) with respect to electron density at constant B to obtain 
the maximum gain values shown in Fig. 7. Note that ne is a 
controllable experimental parameter determined primarily 
by the discharge current density. At high radiative fluxes the 
Na(3/?) and Na(35) densities are no longer in equilibrium and 
one must use a more detailed model, such as that of Sec. III. 

Figure 7 indicates that very large gain coefficients 
might be achieved at higher Na densities than those investi- 
gated in Ref. 3 (lO^-lO"' cm '). However, two major prob- 
lems with the higher density regime are the rapid gas heating 
and the low discharge impedance. Using the relations given 
in Sec. IV for the energy dissipation and the conditions given 
in Fig. 7 for an optical gain of 0.02 cm ', we calculate rates of 
rise of gas temperature of about 2000 K/fisec. The corre- 
sponding discharge resistivity is 0.07 II cm. Because of the 
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unexplained excess energy losses in the experimental dis- 
charges1 discussed in Sec. IV, the actual rate of nse of gas 
tempci ature and the discharge impedance could be signifi- 
cantly larger than these values. Thus, while the gain and 
excituuon temperature are very favorable at 
», äIN»] s lO^cm', the power dissipation would limit the 
discharge pulse length to about 100 nsec. Of course, this is 
just a statement of a universal problem: any device with an 
efficiency f for laser power extraction and an allowable gas 
heating of J Twill be limited to pulse energy densities of 
Cp NA r and extracted energy densities of fcrNA T, where cp 

is the specific heat and N is the density of the gas. 
I he Tl doped-Xe experiment in Ref. 3(b) indicated that 

|Tr[ and the higher [Tl*] are below the Saha or equilibrium 
values at Te [see Ref. 3(b), Fig. 8], According to our model 
this indicates that A^ [ Xe) > 1 for TIXe*. This reduction of 
[Tl] below the Saha value by a factor F< 1 can be accounted 
for in Eqs. (1) and (7>-(l 1) by multiplying the right side of 
Eq. (1) by F. The quantity (I + *,; [Xe]) in Eqs. (9>, (10), 
and (12) is then multiplied by F. In Sec. Ill we tested for the 
effect of such an increase in A-^ by increasing that for 
NaXe by a factor of 10-20. Some reduction in 
F{1 4 Af ^ )[ Xe j) did occur, but the consequence in Eq.( 12) 
was less than 50% reduction in the gain shown in Fig. 7. This 
is in part because increasing K ^ increased the effective dis- 
social ive recombination rate and thereby decreased F. Thus 
the optimum gain appears to be almost independent of the 
size ofK^, although the energy dissipated in the ionization- 
recombination loop is directly proportional to A^ . 

VI. CONCLUSIONS 

We have modeled a very high power density electric 
discharge in a nonequilibrated vapor consisting of low ion- 
ization-potentials atoms (Na or Tl) doped into a high ioniza- 
tion-potential atomic gas (Xe) It was necessary to include a 
large number of excited-state species, plus several ion and 
molecular species. At the lower Tf considered, the principal 
mechanism controlling the discharge impedance is multistep 
ionizaiion from a state of principal quantum number nÄ, 
followed by molecular ion formation and dissociative re- 
combination back to nA. Comparison to Tl excited-state 
densities in a Ti-doped Xe discharge indicates that 7iÄ values 
as low as 3 occur for this case. In the Na-Xe discharge case it 
is not |iossible to infer nK because the small K ,t causes rela- 
tivel\ small departures from Saha densities at Te. In the Na 
case I lie measured discharge power typically exceeds that in 
the model by a factor of 4. Electron-Xe elastic recoil, Na2

+ 

dissociative recombination, radiation, quenching of excited 
Na and NaXe states, and rotational and vibrational excita- 
tion of NaXe' were considered. As yet we have no explana- 
tion for this extra power dissipation. 

At the T,. >0.5 eV appropriate for NaXe excimer laser 
operai ion, the densities of n, and all Na states are very nearly 
in Saht equilibrium at T,,, regardless of nK. Reasonable gain 
coefficients and efficiencies can be obtained at high [Na]0 

under these circumstances, e.g., for [Na],, = 2.7 X 1017 cm ' 
and[Xe] = 2.7x 1020 cm"3 a maximum gain of0.03 cm 'and 
delivered power of 10 MW/cm1 at an incident radiative flux 
of 350 MW/cm2 and an electron density of 1017 cm"3. A 10 
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cm length of such a medium could readily yield a self-excited 
oscillator, although the power buildup e-folding time of ~ 1 
nsec in this low-gain medium must be considered. This con- 
clusion does not depend on an understanding of all the ener- 
gy-loss mechanisms in the discharge, but the efficiency does. 
The calculated maximum efficiencies of ~ 60% are probably 
at least a factor of 3 too high, but as we have not identified the 
dominant energy-loss mechanism or its dependence on n, 
and Tt., we cannot reliably estimate the efficiency. The scal- 
ing of this gain and power output with [Na],, and other pa- 
rameters allows predictions of operating conditions for 
maximum gain to be made rather simply. 

By considering the case of a large A' * value and disso- 
ciative recombination of Na/ to product Na(3/7) atoms, we 
have identified an interesting sort of phase transition in 
which n,. decreases and [Na] increase by about an order of 
magnitude at a critical laser power. In addition to raising the 
discharge impedance, this lower nr condition would prob- 
ably yield higher efficiency in a real case since experimental 
data indicate that the unknown energy-loss mechanism 
scales as a fairly high power of n,,. These results point to the 
desirability of finding a metal species M with relatively 
strong M Xe' binding for which the dimer ion dissociatively 
recombines into a strongly-bound excited atom and a 
ground state atom. 
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APPENDIX A: RATE COEFFICIENTS 

The superelastic electron Na collision rate coefficients 
in our model are given Fig. 8 for Te = 0.38 eV. Only the 
superelastic (deexcitation) rate coefficients are shown since 
they increase slowly with increasing F,,, typically by a factor 
of ~ 1.5 from T, = 0.3-0.6 eV, and the reverse (excitation) 
rate coefficients are related by detailed balance. The solid 
lines in Fig 8 are rate coefficients from Ref. 18 for hydro- 
genic »—»/transitions; these have been used for transitions 
between the n = 4-15 states. Dashed lines indicate k (n—*f) 
for a constant final state/. The rate coefficients for transi- 
tions between these n = 4-1S states and the five Na states are 
indicated as solid circles and are connected by dashed lines 
corresponding to a common lower state. Note that the 
k (/!->■/) summed over/= id and 4p add up to the hydro- 
genic k (n—»3), and that the id and 4p states are energetically 
close to n = 3. We have applied similar effective quantum 
number and statistical weight arguments to hydrogenic 
cross sections to obtain the k («—</) where/= 3s, ip, and 4s 
for n>4. Rate coefficients for the ip—*is, id-*ip, id—As, 
and 4s-.3p transitions (* points in Fig. 8) are most easily 
obtained by passing a typical deexcitation cross-section en- 

ergy dependence through the calculated points of Ref. 19. 
The remaining k (/!-♦/) for the five Na levels (solid points in 
Fig. 8) are then obtained by connecting the ' points to the 
hydrogenic k (n~*n*) points, as indicated by the dashed lines 
in Fig X The exceptions to this are the 4/>- *4s case, which is a 
large allowed cross section, and the 4/r -ip case, which is 
optically forbidden and taken much smaller. Note that the 
resulting pattern of rate coefficients is quite systematic, and 
that k (id—*ip) inferred from Ref. 15 is consistent with the 
hydrogenic k (3—»2). 

The rate coefficients a(n) for inverse ionization 
[le + Na*--•* + Na(/i)] are plotted as open circles versus n 
in Fig 8 for 7",. -0.38 eV. For n    4-13 these a(n) are from 
Ref. 18; they decrease by -25% at T, = 0.52 eV. The as- 
sumed rate coefficients for n — 4p, id, As, ip, and 3s are also 
indicated in Fig. 8. The calculations of Sec. Ill show that the 
rates of excited atom ionization via this single step process 
are slow compared to the rates of ionization by the multistep 
proctNses, i.e., by ladder climbing. 

The momentum transfer cross section for electrons in 
Xe used to calculate the elect ton mobility and the energy loss 
by elastic recoil are taken from analyses of electron transport 
data.   Momentum transfer in electron collisions with Na is 
an insignificant energy-loss mechanism in the discharge. 
Such collisions lower the electron mobility by less than 10% 
for [Na]/[Xel < 10 '. Because of the Ramsauer minimum in 
the electron-Xe momentum transfer cross section/7 elec- 
tron-positive ion collisions29 become important for n,/[Xe] 
values greater than about 10^ Thus, for nr/[Xt:] = 10* at 
Te = 0.4 eV, the mobility is reduced and the elastic recoil 
energy loss is increased by about 30% relative to the values 
in the absence of electron-ion collisions. 

The Na2 excited states are greatly simplified; we use an 
A ' state that is an admixture of A 'I * + 0*77, in a 1 : 6 
statistical ratio13 and neglect the other excited states. The 
rate coefficients for e + Na2(/< ')-*€ + Na2(jr 'J) are taken 
equal to the e + Na(3/))—»^ + Na(3s) rate coefficient. The 
dissociation rate coefficients e + NajCJf '.T >-»2Na(3j) -I- e 
and e f Na2(/< ')->Na(3s) + Na(3/>) + e are taken as 
8.3 X lO^anH 1.6X lO^cm5 sec ', respectively; the reverse 
procrsses are neglected. The first rate coefficient is obtained 
by scaling H2 Estate data by 4£ 2, where 4£ is the thresh- 
old dissociation energy; the second is a rough estimate. 

The necessary electron-ion rate coefficients for disso- 
ciative recombination and rotational-vibrational heating 
have not been measured. Based on Refs. 15, 21, and 22 we 
have generally usedk = 2X lO7(0.026/7;V'2cm5 sec"' for 
«? + Na2

+ —Na*(/iR) + Na and * = 0 for <? + NaXe* 
-♦Na^n,,) + Xe. Any different rate coefficients are noted 
in the text. The rate coefficients for vibrational and rotation- 
al excitation of NaXe* by electrons are discussed in Appen- 
dix B. 

All heavy particle collisions are assumed to be charac- 
terized by the gas temperature T. The most important heavy- 
partule rate coefficient is the ion exchange reaction NaXe' 
-I- Na—► Na/ -f Xe +0.7 eV, for which we normally use 

about one-half the Langevin rate coefficient'0 for Na, i.e., 
10'9 cm"3 sec1. The factor of 1/2 accounts for the probabil- 
ity that Na* and Na interact in the attractive rather than the 
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repulsive Na,* state. The reverse reaction is assumed negli- 
gible due to the ~0.7-eV exothermicity and rapid depletion 
of Na/ by dissociative recombination. The effects of possi- 
ble vibration excitation of the Na/ are neglected since they 
are unknown. For the reactions Na* +2 Xe »NaXe* f Xe 
4 0.3 eV, we use 3x 10 " cn/sec '. For the reverse disso- 

ciation reaction we have used 1.2 X 10 l2 cm1 sec ' for the 
[Na](, = 6.3 X lO'^ cm ' (lower T) case and about one-half 
that value for the [Na]0 = 3.5 X IO1" cm ' (higher 7") case. 
These dissociation rates yield K ^ of — 10 times the actual 
NaXe4 value. We use A:rf = 2x 10 '•»cm'sec ' and A/ = lO" 
cm" sec ' for 2Na(3.0 -t- Xe^Na^Jf) + Xe, and we use kd 

= 3 X 10" cm1 sec ' and k, = 10 ,0 cm" sec ' for Na(3s) 
+ Na(3/7) f-Xe* Na:(/<') f Xe. These rate coefficients are 

for T= 760 K. Since our calculations and the simple mod- 
eP' show that the departure of [Na*/£*]Z? from the Saha 
equilibrium value is proportional to kaIC^ , an error in our 
value of A'^ would require a corresponding change in the 
value of A,, derived from the experiment in Sec. Ill A. In 
view of the uncertainty in the binding energy and structure 
of NaXe', we estimate the uncertainty in our value of AT,.*, 
and therefore of Au, to be a factor of 2. 

The Xe me'astable (Xe*) quenching rate coefficient by 
electrons is not very important but is taken as 1 X 10^ 
cm' sec '. Penning ionization in Xe* + Na and Xe* - Xe* 
collisions, e + Xe*^Xe* +2e, and Xe* + Xe quenching 
are included in the calculation, but as Xe* is a minor con- 
stituent these are not significant processes. 

A number of tests have been made of the effects of 
changes in the excited state model. For example, a model 
utilizing all Na excited states with energies up to that of the 
85 level was used to show that the use of a hydrogenic model 
beginning at n = 4 gives a good representation of the overall 
excited state population distribution. This test is most sensi- 
tive to states with ionization potentials greater than about 
the electron temperature, i.e., to states in the "bottleneck- 
ing" region of collisional-radiative recombination theory.20 

This calculation demonstrated that the principal net flow is 
from the state(s) produced by dissociative recombination to 
nearby states of large angular momentum and then via these 
nearly hydrogenic levels to Na*. In a second test, made under 
the conditions of the upper curve for T, = 0.52 eV in Fig. 3, 
electron excitation and deexcitation rate coefficients for 
states with «>4 for which |J«| > 1 were set equal to zero. 
Although some of the excited state densities (with n-5) 
change by almost a factor of 2, the resultant electron, ion, 
and lower excited state densities changed by less than 10% 
for this case of a large flow of excitation up the excited state 
ladder. Although further tests are desirable, the success of 
this Jn = ± I model of excited state behavior encourages 
us to proceed with simple models of metal vapor-rare gas 
discharges.2" 

APPENDIX B: ENERGY LOSS PROCESSES 

In this appendix we estimate some of the energy loss 
rate coefficients and rates of energy loss discussed in Sec. IV. 
We are particularly interested in energy loss resulting from 
collisions between electrons and ions since Eq. (6) shows that 
such processes lead to a positive volt-ampere characteristic, 

such ;is is observed experimentally. The contribution of 
Na/ dissociative recombination to the energy dissipation is 
discussed in Sec. IV. Two other processes for which we arc 
able to make estimates are the excitation of rotation and 
vibranonal levels of the NaXe* molecule. Finally, we will 
make rough estimates of the effects of electron collisions 
whicii excite and deexcite the highly excited states of NaXe* 
and öl electron collisions which dissociate Na,. 

According to Boikova and Obeydkov/1 the cross sec- 
tion for rotational excitation of a polar molecule in the Cou- 
lomb Bom approximation is 

-(y^ + 1) 4(7+1)  n,Ry 

nal 
I) 

3(27 + 1)      Ae 
Ry a (A*J     e \ 

4«,   0\2Ry' A€j) 
(Bl) 

Here a0 is the Bohr radius, D is the dipole moment of the 
molecular ion in units of eü0, Ry is the Rydberg, 
Aej     (2J + 2)ß0 is the energy loss in the transition from 
the 7 to the 7 + 1 rotational state, H is the rotational energy 
constant, and a0 is a function given by Gailitis.32 For 
2 < e/Ae < 10* and Afj /Ry + 0, a0 can be approximated to 
better than 15% by 

a0 = 2.65(Jf/f)075. (62) 

This is the same power law dependence on the electron ener- 
gy as that used by Hake and Phelps3' to approximate the 
cross section for rotational excitation of a neutral dipole. 
Using their "continuous" approximation to rotational exci- 
tation and assuming a Maxwellian electron energy distribu- 
tion, we find that the power loss per electron and ion is 

P, 2.65 r(15/8)r(5/4) 

«,.[NaXe*l r(3/2) 

'IkT. 

Here 1 he ratio of 2.65/4 is the ratio of the magnitudes of the 
high-energy approximation for electron excitation of rota- 
tional states of ionic and of neutral molecules with the same 
dipole moment and B0 value. 

We wiii estimate the dipole moment of XeNa* using 
theoretical calculations12 of the equilibrium internuclear 
separation of various rare-gas alkali ions and assume that the 
ionic charge is unity and is centered at the Na nucleus The 
product 01'the distance from the center of mass and the unit 
charge gives Z? — 4.7 ea0. This model gives a rotational con- 
stant of B,, — 0.10 cm '. Substitution of these values along 
with AT; =0.38eV,A7; = 0.06 eV, and an upper limit of«, 
= [XeNa*] = 2 X lO1"* cm ' yields a value ofPr = 0.4 

kW/em1. This value is only 2.5% of the measured power 
input ' 

Boikova and Obeydkov also give formulas for the cross 
section for the vibrational excitation by electrons of an ion in 
the harmonic oscillator and Coulomb-Bom approximation. 
The cross section is 

7o(2/^•i^^ 

m. 
(f + D 

XtTn (B4) 
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where v is the initial vibrational quantum number, ft is the 
reduced mass of the molecule, and dD /dR is the rate of 
change of the dipole moment with intemuclear separation 
and is in units of the electronic charge. In this approximation 
all excitation thresholds are the same and the rate of power 
loss due to vibrational excitation can be written as 

«. (NaXe'l \ irm / \    T,.    J 

where Je is the separation inenergy of the vibrational levels 
and is assumed small compared to £/, and kTK. Qw is the 
cross section for excitation of the () = 0 and v = 1 transition. 
We have calculated dD/JR assuming that the charge coin- 
cides with the Na nucleus as the internuclear separation 
changes, i.e., dD /dR — 0.85 e. The vibrational spacing of 
0.010 eV is obtained by fitting a parabola to the estimated 
potential energy curve for NaXe'. With these approxima- 
tions and the experimental conditions of Tt = 0.38 eV, Tt 

= 0.06 eV, and n, -= [NaXe*] = 2 X lO'*' cm ', we find /», 
= 0. ITkW/cm'orabout 1% of the measured power input. 

By using the harmonic oscillator model we effectively as- 
sume that the effects of \Av\ > 1 transitions and of the de- 
crease in vibrational level spacing are small. Note that the 
absence of NaXe potential energy curves crossing that of the 
ground state of NaXe* prevents resonance vibrational excita- 
tion14 as well as dissociative recombination. 

In order to obtain an estimate of an upper limit to the 
power loss as the result of electron collisional coupling of the 
excited states of NaXe, we will assume that, contrary to the- 
ory," there is no predissociation of these excited states into 
Xe and excited Na. As in Sec. Ill we assume that the popula- 
tions of the A (2ll) molecular statt of NaXe and the ground 
state of NaXe' are in equilibrium with their dissociated 
atoms. For the sake of simplicity we assume that the excited 
state populations for NaXe are distributed according to the 
Boltzmann law at the electron temperature as discussed in 
Sec. III. If the ionization potential of the NaXe(/l U") state 
were the same as that of the Na(3;:/>) state, these assumptions 
would lead to a Boltzmann equilibrium among the excited 
^ate ol Na at the electron temperature. However, since the 
estimated ionization potential of NaXe(/l 2S) is about 0.2 eV 
smaller than that of Na(32/>), this model leads to a circulat- 
ing flux of excitation down the molecular ladder and up the 
atomic ladder with a net transfer of energy from the free 
electrons to the kinetic motion of the gas. An upper limit to 
the magnitude of this flux is equal to the product of the densi- 
ty of atoms in the ip state and the sum of the rate coefficients 
for electron excitation of the ip state to higher states and the 
electron density. This flux times the difference in ionization 
potentials yields the power loss. For the experimental condi- 
tions cited in the preceding calculations of P, and P,., the 
calculated upper limit to the power loss is 0.015 kW/cm' or 
0.1 % of the measured value. Note tnat according to this 
model one would expect the integrated intensity of molecu- 
lar radiation to be comparable with the integrated intensity 
of atomic radiation and, therefore, to be only a few percent of 
the discharge power. 

Next we note that flux down the molecular ladder fol- 
lowed by rapid predissociation of excited NaXe to 

Na(fl^ ) + Xe would have the overall effect ofe + NaXe*, 
—Na*(/i/() + Xe. This process, which required favorable 
curve crossings, does not occur for higher excited NaXe but 
cannot be ruled out fur NaXe stales with > 1-eV binding 
energy.35 The effective recombination coefficient36 for this 
process would be limited by the rate coefficients for deexcita- 
tion of the higher molecular states and would be given by the 
"coUision-radiative" rate coefficient for the predissociating 
state, " i.e., roughly 10 ^ ^[NaXe*]. If we associate a 1-eV 
energy loss with this predissociation we obtain and upper 
limit lo the power loss of 0.7 k W/cm' or about 4% of the 
measured power input for [NaXe*]« H,. If this process were 
as rapid as assumed here one should have observed signifi- 
cant departures of the normalized populations from the 
Boltzmann line for Na* states above Nafn^ ). 

The energy loss caused by electron impact dissociation 
of Na is expected to be limited by the rate of association, 
e.g.,by2Na -f- Xe^NajOf) + Xe. Assuming an association 
rate coefficient of 3X 10 " cm' sec ', we see that the power 
loss for our experimental conditions of [Na]« = 6.3X 10'4 

cm', [Xe]=-4.5xl0,vcni '. andn, = 2x10" cm"3, is 0.1 
kW cm"3 and negligible. Similar considerations for dissocia- 
tion of NaXe* A state by A +B state excitation yield similar 
or smaller numbers. Any dissociation of Na/ would com- 
pete with dissociative recombination. This rate would also 
be limited by the ion transfer rate and is expected to yield a 
comparably small energy loss 

Our mdoel has neglected the possible role of cluster 
ions, such as the structural forms Na2

+ Xem and Na'Xe^ for 
m> 1. Ion-molecule reaction experiments suggest that once a 
diatomic ion is formed, the cluster ions would rapidly grow 
to an equilibrium distribution of bound Xe atoms. Since we 
are unable to observe these ions, we can only speculate as to 
their role in the dissociative recombination-collisional ion- 
ization loop. Thus, the energy loss in the reaction sequence 

NaXe*  +Na—Na^Xe,. f Xe, 

and 

Na2Xe„;   ,  f 2Xe-*Na2 Xe^ + Xe. 

e + Na2Xe„; ^NaXe* + Na, 

e + NaXe: -NaXe,,;  + 2e - (^ + J*r*) 

(B6) 

(B7) 

(B8) 

(B9) 

could be several times that deduced from coefficienles de- 
rived in Sec. III. If reactions (B6HB9) *'?te the dominant 
energy loss loop, then the populations of the highly excited 
NaXcm molecules would deviate from their Boltzmann plot 
more than that shown in Fig. 4 for the atomic states. In this 
case the non-Boltzmann behavior of the atomic states could 
be the result of collisional dissociation of excited NaXe, i.e., 
NaXe* + Xe-*Na(« - 6) -f-2Xe. Here it is not clear why 
dissociation should not occur more readily for the lower en- 
ergy but highei density and more weakly bound excited 
states of NaXe. The maximum increase in energy loss via 
dissociative recombination for sequence (B6HB9) is rough- 
ly equal to the increase ink'a€% over A, t „. Using estimated 
limiting values of/c a — 2.5X 10''cm3 s'andf^ =2eVone 
predicts a maximum contribution to the energy loss for the 
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F, = 0.38-eV case of about 40% of the measured loss and a 
total predicted energy loss of about one-half the measured 
value. Note that the addition of these processes points to the 
possibility of population inversion among the intermediate 
excited levels of, for example, NaXe. 

Finally we note that vibrational excitation of molecular 
impurities, if present, could make a significant contribution 
to the rate of energy loss in the experimental discharges. 
Thus, either about 3% N: or 0.02% CO, would have a large 
enough energy exchange collision frequency,v,7 vu to ac- 
count for the observed discrepancy.' Such large concentra- 
tions of molecular impurities appear very unlikely in view of 
the gas purification procedure used. Also, if N: were present 
at the 3% level we would expect quenching'8 by N2 to pro- 
duce a significant depression of the [Na(3p)]/(Na(3j)] ratio 
below the level set by the electron temperature. The 0.02% 
CO, would not cause significant quenching of Na(3/?). 
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The emission inlensines and excited slate densities of a Mg-doped high pressure Xe discharge are 
reported. The normali/ed emission of the  MgXe excimer band associatnl with the  Mg  i'Pt-i'Sc, 
resonance transition is obtained from the data, as well as a }2&-380 nm baiul attributed to XeMg'   The 
Mg. A-X band is not seen in emission under any discharge conditions in Mg doped Xe or Ne   This 
Mg-.\e mixture does not appear to be a reasonable candidate for a dischar^-exctted excimer laser due 
to the large excitation energies associated with the Mg and Mg4 nsonance lunsitions. 

Discharges In metal-doped inert gases are of interest 
in lighting* and laser applications,?'3 as well as for 
studies of discharge characteristics and of metal-inert- 
gas interactions.   They are particularly well suited to 
optical diagnostics, since they radiate profusely in the 
visible.   In the case of Mg, the strong lines and bands 
of the ion as well as the neutral are in the visible and 
near UV, providing an unusual amount of information. 
The particular choice of Xe in the present experiments 
results from our interest in the excimer bands for pos- 
sible excimer lasers; the Xe induced bands are generally 
the best candidates.3  Also with this application in mind, 
we have studied pulsed, high power discharges in high 
pressure Xe,  typically at 1-5 atm. 

We have measured the emission from the positive 
column of the discharge with calibrated detectors, and 
the densities of various Mg, Mg*, and Xe excited states 
are obtained from atomic line intensities.   We have also 
measured the electric field in the positive column, for 
use in comparing to discharge models.   The MgXe ex- 
cimer band associated with the 3 iPl-3 lS0 transition in 
Mg dominates in the UV, and the normalized emission 
of the band, per Mg{3 'p,) and Xe density, is obtained 
from the data.   Another strong band is observed in the 
UV region of the spectrum at high discharge currents, 
when the Mg* density is comparable to the Mg density. 
We believe this band is due to the transition from the 
ground to first excited state of XeMg*, i.e., the XeMg* 
states associated with the 32i and 3 2f states of Mg*. 

The discharges reported here are in a Xe density [XeJ 
of 2. 5 xlO19 cm'3 and in magnesium densities [MgJ of 
10u-10ls cm'3.   Stable, steady-state pulsed discharges 
of several microseconds duration and 1-20 A current 
and cw discharges of a few milliamperes have been 
operated in an apparatus that has been described pre- 
viously.4   Figure 1 shows a pulsed, high-current mag- 
nesium-xenon discharge spectrum (upper spectrum) in 
[MgJ~ 1016 cm"3 with most of the lines identified.   As 
described below, the excitation temperature is ~0.48 eV 
for this discharge.   The bands centered at 480, 517. 5, 
and 555 nm have been identified by their rotational struc- 
ture as due to MgHUri2-X2j:*) with »/, j;"=: 1, 0; 0, 0; 

■•'.Stalf Member, Quantum Physics Division, National Bureau of 
Standards, 

and 0, 1 respectively.5   Estimates indicate that the 
ground state MgH density (duo to impurities) necessary 
to produce the observed emission intensity is about 
1012/cms.   The lower,  incomplete spectrum in Fig. 1 is 
for similar Mg and Xe densities but for a much smaller 
discharge current that yields a much lower excitation 
temperature, as described below.    Under these condi- 
tions the excimer band, connected with the lowest 
strongly radiating state of Mg, is expected to dominate 
the spectrum.   Thus we identify the 285-375 nm con- 
tinuum band in this spectrum as originating from the 
S'Pj-S'So (285.3 nm) resonance transition in Mg.   Es- 
sentially identical MgXe excimer band shapes ire ob- 
served in the 280-375 nm region for a range of low ex- 
citation temperatures, verifying the identification and 
that the band shape is accurately represented by the 
lower spectrum in Fig.  1 after the 309. 3 and 333. 2 nm 
lines from higher states are removed. 

The dashed line in the high-current spectrum of Fig. 
1 indie.des the contip'iation of the MgXe excimer band, 
which dominates in the 280-300 mn region, to longer 
wvelengths in accordance with band shape in the low- 
current data.   The additional intensity in the 300-380 nm 
region ol the high-current spectrum is attributed to the 
XeMg* hand associated with the Mg* resonance transi- 
tions (32P-3ZS) at 280 nm.   The regular structure in 
this band is characteristic of bound-bound bands of 
heavy diatomic molecules.'  This identification is in 
part duo to the absence of this band from discharges in 
.similar Mg densities with a low density of Xe or with 
2. 5*lo:9 cm'3 of Ne.   Also, this band increased with 
increa.sing Mg' density JMg'j, e.g., in the high current 
discharge of Fig. 1 (Mg*)! 0. l[Mgj, whereas in the low- 
current discharge the excitation temperature is much 
lower and [Mg*J/[Mg]«l.   A weaker, structured con- 
tinuum also occurs in the 435 and 600 nm regions; these 
may be due to bound-bound MgXe bands associated with 
the 33y;-3 V r.nd 43S-33P0 transitions in Mg. 

A a itzmann plot of the atomic excited state densities 
obtained from the line emission intensities and transition 
probabilities7'8 is shown in Fig. 2.   The discharge con- 
ditions ire about the same as for the high-current case 
in Fig. 1.   The densities of the 3'S,, 3SP, and 4*5 states 
nearly fit a straight line,  corresponding to an electronic 
excitation temperature of 0.48 eV.   The Xe excitation 
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300 400 500 600 700 800 

X (nm! 

FK.  1.    Magnesium-xenon discharge spectrum for [Mgl =7.3x i0ls/cm3, and [Xe) = 2. 53x ^"/cm3.    For the upper spectrum J 
= 100 A/cm2, «, = 8.4x lO'Vcm3, £/N = 6.3x IQ-'8 Vcm2.   For the lower spectnuti7 = 0. 05 A/cm2 and n,a lü" cm"9. 

temperature of about 0. 51 eV is obtained from the 800 
nm region lines emanating from states near 10 eV.   The 
open square point at the Mg ionization limit is the 
tAg*/g* density obtained from the Saha equation (i;= sta- 
tistical weight) 

(1) 
\    g*    /llmli 

-3/2 

with [Mg*]- /;, and /i, -^ 8. SxlO'Vcm3 obtained from mea- 
sured current density and electron mobilities in Xe.9 

Since an unknown amount of XeMg* and MgJ may occur, 
this |Mg*J= iie case is actually an upper limit to [Mg*]. 
Another value for [Mg*J can be obtained from the inten- 
sities of the Mg* 3iP-32S lines at 279. 6 and 280. 3 nm. 
After correcting for sell-absorption these yield the Mg' 
3 ^ state densities and assuming the ~ 0. 48 eV electron 
temperature also fixes the ratio of Mg'Ü2/') to Mg,{32i) 
densities, this yields [Mg'J.   These ion densities are 
plotted as open circles at the equivalent neutral density 
given by the Saha relation: 

/MgM0\ 
V    Si    /piott*d 

(Mg'U)\ ne/2i,mkTV 

\     Si     /m.uar,ig, \hr~) 

3/2 (2) 

The self-absorption correction, for this case of optical 
depth ~15 at the center of the i'j/j line, raises 

|Mg*'SPJ/J)] by ^bout a factor of 4 relative to what would 
be obtained by assuming the line is optically thin.   This 
correction,10 whiqh depends on the unknown Xe broaden- 
ing of the lines, is uncertain to perhaps a factor of 2, 
so the ri'sulting [Mg*J and [MgO2^)*] are equally uncer- 
tain.   Nonetheless, a major decrease in the actual [Mg*] 
and high [Mg*] densities relative to 0. 48 eV equilibrium 
values (an extension of the 0. 48 eV line above 5eV)is 
unmistakable.   This is attributed to" excited-state 
quenching by Xe and dissociative recombination of MgJ. 

Some Mg* densities are also shown in Fig. 2 for a low 
current, cw discharge in which ; 3: 0. 05 A/cm2 and 
iic = 7 x lo10 cm"3.   Here the 3 iPi density should be de- 
lormineii by electron collisional excitation and deexcita- 
tion, so ihat its excitation temperature of -0, 32 eV 
sliould be representative of the electron temperature. 
The higlur-state densities and the ionization limit point 
from Eq. (1) are far below an 0.32 eV excitation temper- 
ature.   This is attributed primarily to radiation and Xe 
quenching collisions. 

For the high-current data in Fig. 2, the fit (within 
experimental accuracy) of all the Mg excited state den- 
sities below 5 eV and the Xe excited states below 10 eV 
to a single excitation temperature is attributed to elec- 
tron collision dominated populations, " with the electron 
temperature essentially equal to the observed population 
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•: 

temperature.   In essence, electron collisional rates are 
faster than radiative and inelastic (;as collisional rates. 
As a consequence, the MR 3 'f, density can be deter- 
mined from this ~0. 48 eV excitation temperature, as 
indicated by the arrow at the 3iPi energy in Fig.  2. 
This density has then been used to determine the nor- 
malized emission intensity of the excimer band, even 
though the observed S'f^-S'Sj line is severely weakened 
by self-absorption.   Specifically, since the atomic line 
emission dominates the total emission from Mg(3 lPi), 
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FIG. 2.    Upper set of data is a Boltzmann plot of cxclled state 
densities for [Mg|0 = 7.3x lO'Vcm5, |Xe| = 2.4xio1Vcm3, nt 

= 8x 10"/cm3, £/!V = ü.6xlO_1B Vcm2, ^=110 A/cm2 in the 
pulsed discharge.   The Mg excited state densities obtained 
from line intensities are indicated by x, the Mg* 32P|/2(}/2 

densities by    , and the Xe excited state densities from the 
823.2, 828. 2, and 840.9 nm lines as +.   A radiation trapping 
correction, typically a factor of ~4), has been applied to the 
Mg* lines and the Mg 43S and 33D lines which are optically 
thick at the line center.   The Mg* densities are plotted as equiv- 
alent neutral densities, as given by Eq. (2).   The lower set of 
data (dashed line and ») is for (Mgl0 = 3.5x 10,S cm"', [Xe)-1.9 
x 10U cm"8   n# = 7x I0"cm"', and j = 0. 05 A cm"2 in a cw dis- 
charge .    fhe point at the Mg* ionlzatlon limit corresponding 
to [Mg 1 =«, in Eq. (1) is off the graph at 5 cm"*. 

.  10 
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FIG. 3.   Normalized excimer band of Mg(3 'P,— 3 'S^Xe with 
IXe) = 2 4ix lO'Vcm1 and T » SSS-K. 

il{k)(th per steradian across the line is equal, in the 
absence of self-absorption, to \iAg(ZlPi)]Ahvz/lt, where 
A is the atomic radiation rate of 4. 7x10' sec'1, zis the 
discharge diameter, and hv the 285 nm photon energy. 
The resulting normalized emission ppectrum of the 
MgXe excimer band is shown in Fig. 3.   The crosses 
represent the observed intensity from the low-current 
disch;i>ge in Fig.  1, properly normalized and with over- 
lappint; lines removed.   The accuracy of the normaliza- 
tion of this band is estimated as about 40i?,.   A direct 
measurement of the normalized emission at (MgJ~1013 

cm"5, where the resonance-transition line-center optical 
depth was ~lü, yielded a value about three times as 
large for IM(k), consistent with the values in Fig. 3 and 
the expectation10 of about a vfÖ correction for this much 
radiation trapping of the resonance transition. 

The UV band attributed to XeMg* is shown in Fig. 4, 
after averaging through the vibrational structure seen 
in Fig. 1.   It was taken from the upper discharge spec- 
trum in Fig. 1 after subtracting the MgXeO'i^-S'So) 
radiation (dashed line).   This XeMg* band has been nor- 
malized to jl{k)dk across both of the Mg'{32PUiiin- 
32S1/2; .itomic lines after making the correction for 
radiation trapping described below Eq. (1).   As noted 

■o     e 

\ 

-^     ? 

1000 2000 3000 4000 5000 6000 7000 8000 9000 
Ak, (cm-1) 

FIG. 4.   Normalized excimer band of Mg'(32i'1/jt,/2-'3,St/j)Xe 
vs the frequency shift in cm'1    from the ton resonance lines. 
IXe] = 2.53x lO'Vcm' and 7 = 853^. 
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FE. 5.   Electric field E in the positive column divided by (Xe) 
vs J at different magnesium densities.   The Xe pressure is 
2000 Torr except for the two points marked 1000 Torr and 
4000 Torr. 

small Ui be useful, so that much higher [Mg], [Mg*], 
and [Xe] are necessary for useful gains.   However, If 
cither the magnesium density or the xenon density is 
increased, the power input must be increased as well or 
the electron temperature decreases due to the added 
IMjwer ^uing into exciting and ionizing these gases." 
Since the Mg and Mg* resonance transition« are more 
energetic than for the alkalis, the problem of obtaining 
sufticieut excited state density and gain in these reso- 
nance transitions is also more severe than for the al- 
k. Us. 
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above, this normalization is uncertain to at least a fac- 
tor of 2.   It is nonetheless useful as it indicates that the 
magnitude of the equilibrium constant of XeMg*(32P) 
relative to the Mg'ia2/») levels is ~2xlO"2() cm3 and the 
binding is probably about 0. 5 eV. 

For the purpose of comparison to models, we also 
include electric field data in Fig. 5. 

Because of the large red shifts from the parent atomic 
line (~7000 cm"1), the MgXe band is expected to exhibit 
gain in the discharge.   The XeMg* band will also proba- 
bly exhibit gain on its long-wavelength side if net every- 
where.   The maximum possible gain from both bands at 
350 nm can be calculated from the fluorescent intensity 
of the discharge P, by assuming that there is no absorp- 
tion (gain/cm sP^VBifÄc2).   pt in our discharge is 
2.5xl0"3 W/cm'cm"1 at 350 nm, mostly from XeMg*, 
and this gives a gain of 7. 2xlO"Vcm for our conditions 
of [XeJ=2. SxlO'Vcm3, [Mg*]=7xlO,s/cm3, T,= 0.48 
eV, T^BSS-K, and ./= 100 A/cm2.   This is far too 
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Abstract 

Measurements are  reported  which show  the effect of   nonraditive  losses at 

a  gas/window  Interface on  the backscattered  fluorescence   Intensity  for  Na 

vapor  at   frequencies  In  the  vlcintiy of   the  resonance  lines near  589  run.     The 

Na  ^1/2  3/2  states are excited with a  low-intensity,   single-mode,   tunable 

dye-laser  at  high Na  densities and  the   frequency  integral  of  the  backscattered 

fluorescence   Intensity   In   the Dl and  D2   lines is measured.     As  the  laser is 

tuned   through  resonance,   the  loss  of atomic excitation   to  the window appears 

as a  sharp decrease  In  the   frequency-integrated  fluorescence  intensity.     For 

20 -3 example,   at  7   x 10      atoms  m      the   fluorescence intensity decreases  by  a 

factor  of  4   In a  frequency   Interval  of  4 CHz.    Measured  absolute  fluorescence 

intensities  versus  laser  frequency  are  compared with  predictions made using 

the  theory  of  Hummer and  Kunasz  which includes both radiative  and  nonradiative 

transport  processes.    The  agreement  between theory and  experiment  is  remarkably 

good  when one  considers  that  the  theory  contains only one  unknown coefficient, 

i.e.,   the   reflection coefficient  for excited atoms  at  the  windows.     In  our 

case   the  excited atoms are  assumed  to be  completely destroyed at  the window. 
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I.  INTRODUCTION 

In this paper we report the results of an experimental study of excited 

state losses In sodium vapor due to collisions of the excited atoms with a 

boundary.  An early experimental study of resonance fluorescence in Hg vapor 

1 2 
by Hansen and Webb has been Interpreted by Phelps and Chen as showing that 

the collisions of excited mercury atoms with the window determine the magnitude 

of the diffusely emitted fluorescence when the excited atoms are produced close 

to the window as occurs when the gas density Is high and when resonance line 

excitation Is used.  Evidence for the deexcltatlon of excited atoms on collision 

with the windows has also been obtained from studies of the specular reflection 

of laser radiation at a glass-sodium vapor Interface and from VUV absorption 

spectra In high density xenon.  Conflicting results as to the importance of 

excited atom-window collisions have been obtained using the Hanle-effeet. 

3 
However, back.scc*ttered fluorescence experiments by Heering and by Fujimoto 

4 
and Phelps usin^: broad band excitation and low resolution measurements of 

fluorescence showed a relatively small effect caused by nonradiative 

transport. We s.:ow in this paper that using laser excitation allows separation 

of uhe effects of radiative and nonradiative transport of resonance radiation in 

such fluorescence experiments. 

8 — 10 
The theory of radiative transfer    normally applied to the transport of 

resonance excitation neglects excited atom diffusion, i.e. the motion oi the 

excited atoms Is neglected except as it affects the absorption and emission 

profile through the Doppler effect.  Fornalisms have recently been 

developed '     which include the diffusion o. excited atoms as a means of 

nonradiative excited-atom transport.  Those theories predict an excited-atom 

population density orders of magnitude smaller near a boundary than do the 

purely radiative treatments.  The present experiments test the ability of 

these theories to predict the absolute intensities of scattered radiation in 
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a  situation where  losses  to a  boundary arc significant.     We  make  a detailed 

comparison  between experimental   results  find  the solution of   the  transport 

12 
equations  given  by  Hummer and  Kunasz       as   formulated  in the  computer  program 

13 developed  by  Kunasz and Kunasz   for .i  thre»—level  system- 

Section  II  contains a  summary of   the   recent  theoretical   treatments of  the 

combined   radiative and nonradlatlve  tranpsort  of  the excitation associated 

with  the  resonance  states of  atoms.     In  Sec.   Ill  we discuss  the  experimental 

apparatus  while  In Sec.   IV we   present   the  results of the experiment.     The 

resultj  are  compared with  theory  In  Sec.   V, 

II.     THEORY  OF   EXPERIMENT 

The  treatments of  the  transport  of  low Intensity resonance  radiation  by 

16 8 9 
.\enty,       by Holstein    and by  Blberman    showed  that,  alth    ~fi   this  problem 

cannot  be  solved  by ordinary diffusion theory,   reasonably  simple solutions of 

the transport  equation are possible.     In  these papers atomic motion entered in 

only  through  line  shape effects  and  the absorption and emission  profiles were 

assumed  to  be  identical,   i.e.,   complete  redistribution of  the   radiation was 

assumed  to occur  at each absorption event.     In treating radiative  processes 

ahead of a  Shockwave,   Blberman and Veklenko      presented a transport  equation 

which  Included  the  mass  flow of  excited atoms.     Mclntyre and   Fowler  attempted 

to  model  the  effects of  the diffusion of  excited atoms  and   incomplete 

18 
frequency   redistribution  In Infinite  parallel   plane geometry. Phelps and 

19 2 
McCoubrey       and  Phelps and Chen    extended  the work of Holstein and  Blberman   .0 

include diffusion of excited atoms  by adding a diffusion loss  term to  the rate 

equation  for  the  excited atoms.     For  two-level  atoms  located  between  infinite 

parallel  plane boundaries   (actually windows)  their equation describing the 



production and  loss  of excited atoms  of density  n(2)  Is 

F(tJr)k(üj.)  exp[-k(üL )z/cos  ö] 

d A2  (  \ 
- An(z)  - A /    nCz^Kdz'-zDdz'   - D S-SiS2+c     n(z)     .       (1) 

0 dz^ Z1 

According to the  left-hand side of  Eq.   (1),  excited-state atoms are created 

by   the  laser  Incident at an angle   6  to  the normal  and of photon  flux FCGJ,). 

The  absorption  coefficient at  the  laser  frequency  Is  kCcj.).     At  the low 

intensities  of  these experiments kCw^)  and  the  ground state  density N are 

independent  of   position.     The  first   term on the  right-hand side  of  Eq.   (1)   is 

the  rate of  loss  due  to spontaneous  decay,  where A Is the Einstein coefficient 

for  spontaneous   radiation and  n(z)   is  the excited-state  population density as 

a  function of  the depth z,  into  the cell.     The  second term on the right-hand 

side   is  the  Holstein-Biberman term which describes the excited atom production 

resulting from the absorption of resonance radltion.    The kernel K(|z'-z|)   Is 

the  probability  that a photon emitted at  z'   will be absorbed at  z.    Thus,   the 

first  two terms  on the right-hand side of Eq.   (I)   represent the  radiative 

transport of  the  energy of  the excited atoms. 

The next  to last  term on the  of Eq.   (1)   Is  the diffusive  term In which we 

are   particularly   Interested.     To a  good approximation the diffusion coefficient 

19 Is  given by   the  expression 

kT 
M<ov>N (2) 

where  k is  the  Boltzraann's constant,   T is  the  vapor  temperature  and M Is  the 

atomic  mass.     Here  <av>  Is  the rate  coefficient   for momentum transfer collisions 

of  the  excited atoms  with ground  state  atoms  and  is  taken to be  equal  to  twice 

8 19 20 
the  rate coefficient   for excitation  transfer collisions  '     '      between excited 
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and  ground  state  atoms.     This theory  shows  that  <ov>   Is Independent of the  gas 

temperature.     The   factor of  two  In  <av> takes  into account  the   fact  that 

to a  good approximation these excitation transfer  collisions are  equivalent  to 

180°   scattering  collisions in the  center of  mass   frame.     Because  of the  large 

values  of  <ov>   for  resonance states   the diffusion coefficients  calculated  using 

this   relation are   typically several  hundrt'd  times   smaller than  the usual  gas- 

kinetic  diffusion coefficients  such as  us^d  by  some authors  '     *     *       In 

estimating  the   importance of  this  process.     The  last  term in  Eq.   (1) 

represents  the  quenching of the  excited atoms,   for example by Nao  molecules, 

22 with a   rate  coefficient  C2J as  measured  by Lam et  al. Collision excitation 

of  resonance atoms   is  neglected   in  the  two-level model described  by Eq.   (1). 

The  assumptions,   such as complete  frequency  redistribution and  Isotropie 

scattering,   made   in deriving  the  radiative  terms   In Eq.   (1)  are  discussed  in 

8 9 
detail   by  Holstein    and  Biberraan.       The assumptions are expected   to be valid 

at  the  high gas  densities of the  present experiments. 

The very approximate solutions of Eq. (1) obtained by Phelps and Chen 

gave very good agreement with experiment and so served to demonstrate the 

importance of  nonradiative  transport  in Hg vapor. 

Lagarkov and Medvedera      derive an equation essentially the  same as Eq. 

(1)  but modified to Include gas-flow and diffusion terms of interest for 

Shockwave  experiments.     In their  first  paper analytic solutions  for the 

excited atom density are  found for distances exceeding one effective mean free 

path away  from the  surface bounding  the  excited volume.    Their  second paper 

presents analytic  solutions near the boundary which show that  for a non- 

reflecting boundary  the excited-atom densities are orders of magnitude lower 

than  those determined  by the Holstein-Blberman equation which omits  the 

diffusion term In Eq.   (I).    Numerical solutions of  the equivalent  of Eq.   (1) 
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14 
have been  obtained  by  Düchs et al.       for  the case  of  the emission of  resonance 

radiation   from a  plasma.     However,   since  these authors assume complete 

reflection of excited  atoms  at  the boundary  they  find  that  the effect  of 

adding diffusion  Is   to  increase  the  excited atom density at  the  boundary and 

so to Increase  the  fluorescence at  line center.     This  is just the opposite of 

the result  obtained  for a  boundary which does not   reflect  the excited  atoms. 

12 
The  approach used  by  Hummer and  Kunasz      is  to write  separate equations 

for radiative  transport  and  for  the  transport of  excited atoms.     For a  two- 

level atom  these  equations are: 

M^I   (x.p.T)-t(x)    [l^y|T)-MlI] (3) 

and 

M/    w   N      N(B.,J + C10) i   d     T   ,       v       , .^       .  „y    w T   /       N      N<ov>n(T) 12 12 
Vk dT ln^*r) " ^l  + N<ov>) lniv*T) 47"^ 4;     * 

(A) 

Here 

nd) - 2IT /    I   (w.Odn (5) 
-I     n 

Is the  excited atom density at an optical depth  T ■ kz, while In  is  the 

particle   Intensity of      cclted atoms at   that depth moving in the direction  Ö 

measured  relative  to  the outward normal at the entrance window and u ■ 

cos b.     Similarly,   the mean radiation  intensity J(t)  is related to the 

normalized  line  profile  (J)(x) and the  photon intensity   I (X,IJ,T)  by 

- 1     1 00 
J(T)  « y J     dy  j    dx  ^(xU   (x,y,T)       . (6) 

^ -I -» p 

The line profile (t)(x) used Is the Voigt profile, i.e., It Includes both Doppler 
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and collision  broadening.     Here x  Is  the  normalized   frequency measured  from 

line center.     Fquatlon  (3)   relates the  spatial attenuation of  the radiative 

Intensity  to  the difference between the  photon absorption by ground  state 

atoms and  the  photon production by spontaneous emission of  the excited 

atoms.     Stimulated  emission can be neglected at   the  low laser Intensities of 

our experiment.     Equation  (4)  relates  the  attenuation of  the  Intensity of 

excited  atoms  to  the  loss  by  radiation and  deexcltatlon,   the net  scattering by 

collisions,   the production by  photon absorption and  reradlatlon and  the 

production  by  colllslonal  excitation.     In   Eqs.   (3)  and   (4),   BJJ  Is  the 

1/2 Einstein coefficient  for absorption,   v    ■   (2  kT/M) is  the single atomic 

speed used  to characterize  the motion of  the excited atoms,  and C, ~  is  the 

rate coefficient   for  thermal  excitation of   the ground  state atoms  to  the 

resonance  state.     These  authors also discuss  the  boundary conditions 

appropriate   to Eqs.   (3)   and  (4)  and the mothod of  including  the  Incident 

23 radiation.     It  should  be  noted      that when  the angular distributions of  the 

photon and particle intensities can be represented using the first  two  terms 

of a spherical harmonic  expansion Eqs.   (3)  and   (4)  can be reduced to the 

equivalent Eq,   (1).     This  point brings  out  one of  the advantages of  the Hummer 

and Kunasz  solution relative to earlier work,   i.e.   the more accurate treatment 

of highly  anisotropic  angular distributions  of radiant  and particle 

Intensities,   such as  found  near an absorbing boundary. 

Clpolla  and Morse       have also presented  treatments of the coupled 

radiative and nonraditive  transfer problem using kinetic theory.    Their 

treatment  differs  from  that  of Hummer and Kunasz  in  that  they solve  for  the 

velocity distribution of  the atoms.    However  they  consider conditions  for 

which radiative decay occurs sufficiently more  frequently than excitation 
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transfer collisions so that they can neglect collisions.  The Na densities 

In the experiment reported In this paper are high enough so that excitation 

transfer collisions occur more frequently than does spontaneous emission so 

that the Hummer and Kunasz theory is appropriate for our purposes. 

In order to investigate the effects of nonradiatlve transport we take 

advantage of the variation of absorption length, l/kXu^), as a function of 

detuning from the resonance frequency.  As can be seen from the left-hand side 

of Eq. (I), the depth of laser penetration is determined by the exponential 

term with ^(UL) varying with the laser frequency.  As we tune away from line 

center the laser radiation penetrates deeper into the cell creating excited- 

state sodium atoms far away from the window.  One Jiay therefore expect the 

losses due to collisions with the window will be largest for zero detuning 

where the radiation is absorbed near the window.  Such losses should become 

Increasingly less significant as the laser is tuned further and further from 

resonance.  This effect is responsible for the observation that excited atom 

destruction at the window is relatively difficult to detect when "white" light 

excitation is used. 

The theoretical results with which our experimental data are compared 

were obtained using the extension of Eqs. (3) and (4) reported by Kunasz and 

13 
Kunasz.   Their solution (designated SLAB3) treats a three-level atom, e.g., 

2 2 2 
the 3 P3/2 and 3 Pw2 excited states and the 3 S^ ^ ground state of Na.  Their 

4 
program has been further modified by Fujimoto and Phelps to take account of 

the 1.77 GHz hyperfine splitting (HFS) of the ground state of sodium and by us 

to include partial redistribution of the Incident photon in the first 

scattering event.  The latter modification, which made use of multiple 

23 
scattering theory,  had little effect on the calculated results and will not be 

considered further.  The coefficients used in the comparison with experiment are 
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llsted  in Table  I.     Resonance broadening voefficients are approximately  the mean 

24 
of  the  experimental  values of  Nleraax and  Pichler      and the  theoretical values of 

25 
Carrington,   Stacey  and Cooper. Excitation  transfer  rate  coefficients were 

scaled  from line   broadening data using  ratios of these coefficients  from 

25 
Carrington,   Stacey and Cooper. The cross  sections  for colllslonal  transfer 

of  excitation between  the P^^  an^ i'[/2  fine  structure components  were taken 

26 
from Pitre and Krause, Finally,   quenching coefficients  for  excited Na   by  Na2 

molecules C«.   and  C^.   were deterraim-d  from the experimental  work of Lam et 

22 3 
al.,       including  approximate  allowance  for  backfeedlng from  the a  11 state  and 

radiative decay  of a   il atoms  to  the X  I state. 

In order  to  show  the general behavior predicted by  the theory,  we  first 

13 
show predictions made using the program of Kunasz and Kunasz  as modified to 

Include hyperflne structure.  The calculated excited-state populations as a 

function of distance from the window for detuning of 0 and 4 GHz are shown 

In Fig. I.  In this case the excited atoms are assumed to be deexcited on 

striking the window.  For line center excitation the axclted-state population 

density is found to peak at 3 x 10  m from the boundary.  This distance is 

about equal to the optical depth for absorption at line center. On the other 

hand, for 4 GHz detuning, the peak In the excited-state population density 

occurs some 20 times deeper into the cell.  Clearly, one expects wall losses 

to be smaller in this latter case. 

Figure 2 shows the calculated variation with laser frequency of the 

Integral of the fluorescence signal over the D2 resonance line. Unless 

otherwise noted, the coefficients used in these calculations were those of 

■n       3 
Table I scaled to a sodium density of 10" atoms/m .  This integrated line 

fluorescence is plotted as a function of laser detuning from the center of the 

Dl line for a range of diffusion coefficients and boundary conditions.  The 
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solld and dashed curves are for 100" absorption and 100% reflection of excited 

atoms at the window, respectively. Thus, the dashed curve shows the profile 

expected If destruction of the excited atoms at the boundaries Is negligible. 

The dip in the dashed curve at line center Is the result of the competition 

2       2 
between reradtatlon and excitation transfer between the Pi/2 anc* ^3/2 8tate8, 

In the remainder of this paper we assume that the excited atoms are completely 

deexcited at the window.  The only difference in the coefficients used in the 

calculations for the three solid curves la Lie value used for the momentum 

transfer rate coefficient <av>, which affects the diffusion coefficient D 

through Eq. (2) and the excited atom transport through the elastic scattering 

term in Eq, (4).  The profile marked D shows the theoretical predicted 

behavior, namely increasing fluorescence intensity as one approaches line 

center and a sharp dip at line center due to nonradiative losses. From these 

curves it is seen that if the momentum-transfer rate coefficient <av> were 

smaller by a factor of 100 (multiplying D by 100), the integrated intensity 

curve shows a slightly deeper and wider dip at zero detuning. At line center 

this case approaches the conditions for which excited atom-ground state 

collisions are unimportant as considered by Clpolla and Morse.   Conversely, 

if the momentum-transfer rate coefficient is Increased by two orders of 

magnitude, thereby decreasing the moan-free-path between collisions and 

therefore decreasing the Importance of nonradiative losses to the window, the 

curve marked Dx.01 is the result.  As expected in this Instance the dip at 

zero detuning is much shallower ihan the previous case.  The relatively small 

change in the minimum when the momentum-transfer rate coefficient is reduced 

by a large factor (D to D x 100) results from the fact that for our conditions 

the photon absorption length at line center Is roughly equal to the mean-free 

path of the excited atoms, i.e., increasing the excited atom mean free path 
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used In the calculations by a factor of 100 does not Increase greatly the 

fraction of the atoms colliding with the window before spontaneous emission. 

This means that the results presented in this paper are not a sensitive test 

of the value of <öV> used in the calculations. 

Figure 3 shows the percent of the incident energy lost via wall quenching 

as a function of detuning from line center.  This calculation was made using 

the same coefficients as for Fig. 2 and shows that at line center the losses 

to the window by nonradlatlve transport are about 65% of the incident 

2 
energy.  Note that the energy lost to the window via the P3/'-  täte Is much 

smaller than the loss via the Pj« state because of the finite rate of 

colllslonal excitation transfer between these states. 

III.  EXPERIMENTAL PROCEDURE AND APPARATUS 

The schematic diagram of the experimental apparatus is shown in Fig. 4. 

The sodium cell C shown in Fig. 5 is of a special design which allows operation 

27 
up to 500oC.  The details of Its construction are given elsewhere.   The gap 

between the front and back sapphire windows was 8.6 mm.  The cell and sldearm 

temperatures could be controlled Independently by ovens 01 and 02 and were 

monitored continuously by several thermocouples.  The sodium cell was 

maintained at a temperature somewhat higher than the sldearm assembly and outer 

windows were added to avoid condensation of sodium on the cell windows.  Before 

vacuum distilling sodium from he high-purity sodium ampule into the siderarm, 

the entire assembly was evacuated and baked.  A pressure of ~3 x 10  Pa was 

obtained. 

The  source of  monochromatic  radiation was an argon-ion pumped,   cw dye 

laser  operated  single mode and  tuned electronically with an intracavity 
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etalon.     The  spectral  line  width of  the output  laser beam was approximately 

200 MHt at a power lev.^l of  30 nW.    The mode structure of  the dye laser was 

continuously  monitored  by a  scanning  Fabry-Perot  interferometer.     Mode hops 

occurred once  every  2  to 4  minutes.     The   laser  beam passed  through a neutral 

density  filter  of  unit  optical  density, a  beam-expanding  telescope Ll,  an iris 

diaphragm,  and a  beam splitter before passing into  the sodium  cell at an angle of 

15°   to  the window normal.     The  input   intensity  was continuously monitored  by  a 

2 
semiconductor  photodiode and was  always less than 5 W/m .     The  fluorescent  signal 

28 2 
was  found to be a linear function of incident intensity      between 0.5 W/m    and 

2 
5 W/m .     The  fluorescence signal  emitted normal   to  the window was focused on 

the  24   ^ entrance   slit  of a   1-m Czerny-Tnrner monochromator with  f/8.7,  a 

dispersion of  0.83  run/mm and  a limiting spectral   resolution of  10      nm or 

9 GHz.     The  exit   slit  of  the  monochromator  was opened  to approximately 300  un> 

when  integrating  the   fluorescence  intensity over  either  the  Dl   or D2  line. 

The  photon  flux  from the monochromator was measured by a  photon counting chain 

consisting of a multialkall  photo-multiplier operated at dry  ice temperature, 

a  preamplifier,   an  amplifier/discriminator and a  scalar.     Count  rates were 

typically  20,000  counts  per  second with integration  times  of   1  sec.     Both the 

laser and  the monochromator could  be scanned under  the control of a minicomputer 

which also normalized  the signal  count  rate  to the  laser intensity.    The 

monochromator  scan was  provided   by a stepping motor with 0.01   nm per step 

increments,  whereas  the dya-laser  scan was  performed  by  the  Intracavlty etalon 

in  560 MHz  steps.     The  raw data along with the laser input  Intensities were 

stored on magnetic  tape  for later analysis. 

2 9 Sodium densities  were calculated  from the data of  Nesmeyanov. As  a 

check,  absorption measurements were made using a white  light  source T (tungsten- 

filament-iodine  lamp)   operated at a  color temperature  of about  2900  K,     The 
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24 
measured equivalent  widths and  line  broadening data       for  the Dl  and D2  lines 

could  then be  used  to  calculate the  sodium densities.     These  two density 

determinations  were within  15% of  that  calculated  from the  vapor  pressure 

curve. 

The normalization of  the  radiant   Intensity scattered  by  the Na  cell to the 

incident   radiative   flux was  made  by   placing a mirror M of  known reflectivity 

Into  the  laser  beam  such  that  the  reflected laser beam was  Incident on a white 

4 
surface S   In  the  same  geometry as  that  of  the cell.       The white  surface was 

BaSO^  paint  and  Its  scattering efficiency  was calibrated using BaSO,   powder 

stated by  the manufacturer  to  be 99% efficient at  the wavelengths of  interest 

when  prepared according   to  instructions.     Transmission coefficients of the 

evacuated  quartz-cell  windows of  the oven,  as well  as  the  sapphire  input 

window,  were measured  and used  In  the  normalization of  the  data.     By  this 

method  we  were  able  to  determine  the  ratio of the  fluorescent  intensity to 

the  intensity of  radiation  scattered  by a  perfectly  diffuse   surface. 

IV.     RESULTS 

Figure 6 shows experimental spectral line profiles obtained  for three 

values of  laser detuning  from the Dl   resonance  line  at  589.6  nm.     In each 

case  the monochromator  was  scanned  Irom 588.6  to  590.0 nm  for a  fixed  laser 

21 -3 detuning.     The  Na density was  3  x 10      atoms m    .     As can be seen,  with 

excitation at  line center the detected  line width is  essentially  detenained by 

the  monochromator resolution of  0.02  nm.     The middle   trace  shows  that  If  the 

laser  excitation Is  detuned approximately  4 GHz  Into  the   red wing of  the Dl 

line,   the  fluorescence  line  profiles become broader and the D2  line  intensity 

increases while that  of the Dl   line decreases.    The broader  line profile results 
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from the  fact that radlatton absorbed deep In the vapor must be emitted In the 

8  9 wings of  the  resonance  line  In order to roach the window.   '       The deeper 

penetration of  the  laser  light  also   Increases  the mean  lifetime  of  the excited 

atoms  allowing for greater  colllslonal  transfer of  excitation  to  the  P-i/o 

component.     Finally,   for a detuning  of  27 GHz,  or approximately  0.03  run,   the 

backscattered  line  profiles  become  very broad and  display self-absorption at 

line  center.     These  profiles demonstrate  that  the Dl   and D2   lines are well 

separated and  that a   300  pm exit   silt  setting is  sufficient  to  include 

essentially  all of  the scattered  intensity in either  the Dl   or  the  D2   line. 

Scans of  the measured   fluorescent  Intensity  integrated over  the Dl  and 

D2  lines as a function the laser frequency are shown by  the points In Figs.   7 

and 8.     Experimental  runs were made at a variety of densities but detailed 

20 -3 theoretical comparisons were made only  for Na density of  6.9  x  10      atoms m 

and  cell  temperature  of  705oK.     In  these  runs  stray  laser light  was measured 

to  be  less  than 0.6%  of  the maximum  signal. 

The  theoretical   results are  shown In  Figs.  7  and 8  by  the  solid lines. 

The  data  for PT/T  excitation  in Fig.   7  clearly  show a dip near  zero detuning 

which  reflects  the expected  increased  in wall  losses.     As one  would expect, 

the  wall  losses  for  Pi/£  excitation  in Fig.  8 appear smaller due  to Its 

smaller  absorption coefficient.     It  Is also interesting  to  note  the  drastic 

reduction  in sensitized  fluorescence,   I.e.   radiation following energy  transfer 

from  the  initial excited  fine structure component  to the  second component, 

when  the atoms are excited  at  resonance.     This  reflects  both the  increased 

loss of excited atoms  by radiation and the large wall losses which prevail for 

these conditions.    Calculations such as  those plotted in Fig.   3 show that the 

latter effect  Is dominant.     The asymmetry and structure  which consistently 

appear near line center excitation are attributed to the  1.77 GHz   hyperfine 
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splltting of   the ground  state. 

The  agreement  between  theory and experiment  is  significantly  better  for 

P3/2 excttatlon  than for  Pj/o  excitation.     In the former case  the agreement  is 

excellent   In all  regions  except  near  zero detuning for  the  P3/2  " P3/2  curve 

(Fig.   7,   top).     It  Is,  of  course,   just  this region which  is most  sensitive  to 

boundary  effects.     Both here and  for  the  P^  " ^m   (Fi8'   8,   bottom)   results, 

theory overestimates  the  experimental  results  by at  least  25X.     Inclusion of 

frequency-coherent  scattering  of  the  Incident  radiation at  the  first  scattering 

event   into  the model  produced  a  negllglblt» change  in the  calculated results at 

this  density.     One also notes   that  since  our model assumes  complete  destruction 

of   the  excited  atoms at  the  window it  Is  not  possible  to  lower  the  calculated 

Intensities at  line center  by  changing the  reflection coefficient  for  the 

excited atoms  at  the  window. 

V.     SUMflARY 

An experiment has been  performed which shows the effect  on  fluorescent 

Intensity of nonradlatlve excitation transport to a boundary.     In particular, 

losses  due  to quenching of  excited atoms  can be an  important  and  even dominant 

loss mechanism  for certain density and excitation conditions.     Funding 

limitations  prevented  the  more  extended  analysis of  these data necessary  to 

clarify the  remaining discrepancies between theory and experiment.     Future 

experiments and analysis  should  consider  the effect of  this  nonradlatlve loss 

of  excited atoms  on the  time  dependent  decay of the excited  atoms  and  on the 

propagation of   Intense  laser  beams  In  the  region near  the  boundary. 

I 
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Table I. Parameters used for comparison with experiment. 

Process Symbol Value Used Other Values 

Temperature 

Na ground state density 

Spontaneous emission 

Colllslonal damping 
coefficient (FWHM) 

Voigt damping parameter 

Excited atom 
elastic scattering 
rate coefficient 

Transfer from 
3 P3/2 t0 3 pl/2 
and Its reverse 

Colllslonal quenching 

Absorption coefficient 
at line maximum 
(with HFS) 

Excited atom 
reflection coefficient 

T 702 K 

N 6.9(20)* n"3 

^l 6.28(7)b sec"1 

AJI 6.30(7)b sec"1 

Auw 4.5(-13) rad"m 

sec 

5.8(-13)24 

2.95(-l3)25 

Abu 5.4(-13) rad"m 

sec 

6.8(-13)2A 

4.79(-r3)25 

<ov>. 

2.5(-2)c 

2.8(-2)c 

2.7(-13)d m3/8ec 

<av>3 3.0(-13)d B
3/8ec 

C32 1.4(6)26 sec"1 

C23 2.7(6)26 MC-1 

C3l 7.2(3)22 sec"1 

c21 7.2(3)22 8ec-l 

V.2(aax) 1.835(5)f m"1 

k3(max) 3.66(5)f m"1 

R 0. 

5.9(-13)e 

9.6(-13)e 

*A8  In Ref.   13,  the levels  32sl/2,   32P1/2 and 32P3^2 «re designated by 
1,   2,  and 3,   respectively. 

•6.9(20) means 6.9 x 1020. 
bW.   L.   Wiese,  M.  W.  Smith,  and  B.  M.  Miles,  Atomic Transition 

Probabilities  II.   Sodium through  Calcium,   National  Stand.   Ref.   Ser., 

U.   S.   Nat.   Bur.   Std.   22,   1969. 

Calculated using coefficients of this  table and formulas of Ref.   12. 

Calculated  by  multiplying  tho  coefficients  for self broadening  (HWHM) 
of  Nlemax and Plchler21* by  the  respective  ratios of  the coefficient   for 
the  transfer of population to that  for  relaxation of optical coherence 
from Carrlngton,   Stacey and Cooper.25    The  factor of two discussed  In 
connection with  Eq.   (2)  was   Inadvertently omitted. 

eThe8e values are twice the rate coefficients for the transfer of 
population calculated using the theory of Carrlngton, Stacey and 
Cooper.25 

'Calculated using Voigt  profiles and Including HFS. 

—!r 
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FIGUKR CAPTIONS 

Fig.   1.     Theoretical  excited-state densities  for  two   laser detunings  as a 

function of distance  from window.     Conditions are:     Na density of 

20 -3 7   x  10       atoms  m    ,  monochromatic  excitation of P3/2  state.     The 

plotted   population is  for the Pj^ state and an incident  flux of 

2 
about  twice  the maximum value used  In our experiment,   i.e.,   10 W/m . 

Hyperflne  splitting was Included. 

Fig,   2.     Theoretical  fluorescent  Intensity  profiles.     The  frequency  integrated 

fluorescence  Intensity  in the  Na  D2   line  emergent  in the backward 

direction  relative to  that expected  for a perfectly diffuse  surface  Is 

given as a  function of  laser detuning  from the center of the Dl  line. 

The  dashed  line shows  predicted  intensities  If wall quenching  is 

negligible  (unit excited-atom reflection coefficient).     Solid lines 

show  the  effect of variation of  the momentum  transfer  rate 

coefficient on the emergent  intensity.     The  Na density was taken as 

21 -3 
1 x 10  atoms m .  HFS is not included. 

Fig. 3.  Nonraditlve losses relative to Input power calculated from SLAB3 

21       -3 
(Including HFS) for a Na density of 1 x 10  atoms m ,  Losses for 

both the PW2 an^ P3/2 states are shown as a function of laser 

detuning from line center of the 01 (Pw2 * ^1/2^ transition. 

Fig, 4.  Block diagram of the experiment.  The output beam of the single-mode 

dye laser Is expanded by LI and directed on the entrance window of 

the sodium cell C.  Fluorescent radiation is focused on'o the 

monochromator by lens L2.  Oven 1 is the cell oven and oven 2 is 

the sidearm and reservoir oven. 
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Fig. 5.  Cross section of the Na vapor cell.  Cu gaskets (not shown) are 

placed between the Inner Kovar ring and the Inside of each window. 

Carbon-steel bolts maintain the rompression necessary for sealing. 

Thin sapphire "stornrwindows" are placed over the main windows to 

reduce convective cooling and eliminate Na deposition on the windows 

(see Ref. 27). 

Fig. 6.  Normalized fluorescent signal profiles for three values of laser 

detuning A from line center excitation of Pi/o«  ^h6 Na density was 3 

21  -3 
x 10  m .  In the lower trace the peak on the long-wavelength side 

of the Dl line is due to laser light scattered by imperfections in 

the cell windows.  The scattered light signal from the reference 

white surface has the same frequency dependence as the profiles in 

the top trace but has unit amplitude. 

Fig. 7.  Top: Integrated fluorescence Intensity from P, i~ as a function of 

detuning from P3/2 Une center.  Bottom: Fluorescence from Po/o level 

20 -3 
with P3^2 excitation.  The Na density was 6.9 x 10  m .  Solid 

curve is model predictions. Dots arft the measured ratios of the cell 

fluorescence to the signal scattered by the white surface after 

correction for window transmission, etc.  The experimental data are 

shifted in frequency for best fit to the theory. 

Fig. 8.  Same as Fig. 7 but laser excitation of P^ and detection of P^ 

fluorescence (top) and P^ fluorescence (bottom). 



"•■ ■      ■     "!',"imi1 ■-■'■'-■" i"-"-- ' «'••■«■"■Hin«iiHjpiipm«» j .11 n.iii, MI.wBmtB^mmmmmmmmmi'mnmv 

lO-8 lO-6 I0"4 IO"2 

DISTANCE  FROM   WINDOW,   m 

Figure  1 

1 



_     

CNJ 
1 

«O 
1 

OO 
1 

CO 
1 ^"■•S 

M 
^J. X 

1 o 
S0 CF> ■ c 

'Q 
^ ^ 

a> 
OJ Q 

^^ 
CD 

^■ CO o 
CO 

oo 

OJ 

X|!SU9;Ui 90U9J9pj  p9iDjß94UI 

A|!SU9iU! jU93S9J0n|i  p9|DJ59|UI 
3 

* 



,—— 

//■ 

Q. 

■ 

0. 
M 

4 ) 

1 I I 1 \\      ' .i... 

-1<0 

-I* 

-ICVJ 

Q: 
LU 
I- 
Z 
UJ 
Ü 
UJ 

ar- 

iw o 

tu 
Q 

Hu) 

o 
(0 

o 
IT) 

o o 
ro 8 

SSOT % 
E 
•H 



,ii mumui 

o 
I- 
< 

UJ 
Q 
O 
5 

Lü 

ÜJ < 

S
IN

G
 

D
Y

E
 

o 
oc 
I o 
o 

0) 
u 
3 
Ö0 



— "—< 

u-i 

I 



o 
c 
cn| 

(?) 

o 
u> 
Q> 

o 
3 

0.15 

0.10 

0.05 

o 

(0 

0 

0.10 

ü 
c 0.05 
1- 

0) 
or 

0 

O 
a> 

GL 

0.015 

0.010 

0.005 

A=0GHz 

A=4GHz 

•    A=27GHz 

V" 
•• • .        ...•* 

I     I     I I     I     I 
589.0 589.6 

Wavelength (nm) 

Figure 6 



—'-"—"• 
11  i  '       "mmmi 

>- 
h- 
tn 
2 
LÜ 
K 
2 

»- 
2 
ÜJ 
O 
<rt 
LU 
o: 
O 
ID 

Q 
UJ 
h- 
< a: o 
UJ 

0.4 

f 0.3 

2 
^ 0.2 

s 0•, 
2 
ÜJ 

^     0 
u. 
UJ 
a 0.4 
o 
UJ 

^ 0.3 
o: 
o 
^0.2 
2 

0.1 h 

1        1         1         I         T 1 1  I     1 

—                                                                   ■     i 

-JL p 
'1/2 

L 

e 
■Jl/2       1 

•9           • 

r-->—D-.. 
—                                                                                   — 

-tpf',2   " 

>V>\ 
' 1/2 

L 

c.   _ 

1 1 1 L L          1          .          i           ,          , 
24 12 0 -|2 

DETUNING (GHz) 
-24 

Figure   7 



en 

UJ 
I- 

ÜJ 

<n 
LÜI 

o 
3 

Q 
ÜJ 

< 

e> 
UJ 

12 0 -12 
DETUNING   (GHz) 

-24 

Figure  8 


